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SUMMARY 
The Illinois Cooperative Highway Research Program, Project IHR-5 
was initiated at the U~iversity of I Jlinois in 1947. Since then numerous 
investigations have been conducted on the behavior of riveted and bolted 
structural connections, the results of which have been reported in reports 
and papers in the technical literature. This report presents a brief 
summary of these studies in the form of quotes or abstracts from the publish-
ed papers. The paper themseives must be examined for the details of the in-
vestigations. Finally, a brief summary is presented of the applications of 
the research in .the design and design specifications for riveted and 
bolted structures. 
The research has covered a wide variety of studies which relate 
to the behavior of riveted or bolted members or connections. Briefly the 
stu die s fa 1 1 i n tot h e f 0 1 1 ow i n g top i c s . 
A. Riveted Connections 
a. Effects of bearing pressure on the static and fatigue 
strength of connections. 
b. Static strength of various structural members - Flat 
plates, rolled sections, and built-up truss-type members. 
c. Strengths of the fasteners - In tension, shear, and com-
bined tension and shear. 
B. Bolted Connections 
a. Strength of various structural members (fatigue and static 
strength) - Flat plates, rolled sections, and built-up 
truss-type members - beam to column or stringer-to-floor 
beam connections. 
b. Strength of fasteners; bolts (A325 and A490) , nuts and 
washers. - In tension, shear, and combined tension and 
shear. 
C. Field Tests of Bridges 
Based on· the results of these studies, many changes have been made in design 
procedures and design specifications; the riveted and bolted structures 
designed on the basis of the research findings will be safer and provides 
for more effic.ient and effective use of the materials than would otherwise 
have been possible. 
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Fin a 1 Repo r t 
IHR-5 
RIVETED AND BOLTED STRUCTURAL JOINTS 
1. INTRODUCTION 
The IHR-5 research program on Riveted and Bolted Structural 
Joints was initiated at the University of Illinois on July 1,1947, 
under the sponsorship of the Illinois Division of Highways and the 
Bureau of Public Roads (Illinois Project SWHP 1(13)) as a part of the 
research program of the Research Counci 1 on Riveted and Bolted Struc-
tural Joints. Throughout the program a variety of investigations have 
been reviewed and approved by the IHR-5 Project Advisory Committee and 
also by the project committees of the Research Council. Thus, it was 
a cooperative effort that joined the Illinois Division of Highways and 
Bureau of Pub] ic Roads with the staff of the Civil Engineering Depart-
ment at the University of Illinois, and also with the many other spon-
sors of the Research Counci 1 on Riveted and Bolted Structural Joints. 
The organization of the Research Council on Riveted and Bolted 
Joints was largely a result of the efforts of Professors Wi lson and 
Shedd, at the University of III inois, E1 lis, at Purdue University, and 
Maney, at Northwestern University. On the basis of thei r interest and 
foresight, the Counci 1 was established and a number of industrial organ-
izations, technical societies, trade associations, and state and federal 
agencies agreed to become financial sponsors of the Council. Through 
this joint effort of financial sponsors, of University researchers and 
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- of the individual members of the Counci 1, an extremely successful re-
search program was developed. 
Although much of the original planning for the program of the 
Research Council on Riveted and Bolted Structural Joints was done during 
1945 and 1946, the organizational meeting of the group was held on 
January 15, 1947. At that time, the objectives of the Counci 1 were de-
fined as fol lows: 
lilt being generally recognized that existing practice 
in the design of riveted and bolted connections has been 
empirically developed from experience and that many of 
these practices and the joint capacities predicted thereon, 
are not supported by scientific data, the Research Counci 1 
on Riveted and Bolted Structural Joints has been organized 
to carryon such investigations as may be deemed necessary 
to determine the suitabil ity and capacity of various types 
of joints used in fabricated structural frames. It is the 
expectation that the work of the Counci 1 wi 1 1 result in the 
promulgation of more economical and efficient practices. 11 
With this as a basis, a detailed research program was established and 
individual advisory committees organize9 for each of the individual topics 
to be studied. 
Five individual projects were established as a part of the 
Council IS program at the University of Illinois and as a part of the 
IHR-5 program. These were Projects 1, 2, 3, 4, and 8 and may be des-
cribed as fol lows: 
PROJECT 1, under the chairmanship of Mr. Jonathan Jones of the 
Bethlehem Steel Company, was concerned with the effect of bearing pres-
sure on the strength of riveted joints. It is common knowledge that 
additional riveting is required by current specifications solely because 
of 1 imitations of bearing pressure. 
3 
PROJECT.2, under the chairmanship of Professor N. M. Newmark 
of the University of Illinois, was concerned with the static strength of 
structural joints having various rivet patterns. The objective was to 
determine improved methods of rel iably predicting the static efficiency 
of joi nts. 
PROJECT 3, under the chairmanship of Mr. T. R. Higgins of the 
American I nstitute of Steel Construction was concerned with the strength 
of rivets in combined shear and tension. Most specifications discourage 
the use of rivets in tension though it is obvious that many rivets are 
subjected to tensile forces. The purpose of this project was to deter-
mine safe rules for design, recognizing that rivets may be subjected to 
tension as well as shear forces. 
PROJECT 4, under the chairmanship of Mr. W. C. Stewart, Tech-
nical Adviser of the Industrial Fasteners Institute, has as its objec-
tive the study of structural joints fastened with bolts. 
PROJECT 8, under the chairmanship of Professor W. H. Munse of 
the University of Illinois, was concerned with cumulative damage in 
fatigue. The object of Project 8 was to determine the comparative 
fatigue strengths under varying cycles of loading which approximate 
actua 1 serv ice. 
Each of these projects has been pursued at length, and the 
results of the investigations reported in the literature. A complete 
listing of the progress reports and publ ications produced in the IHR-5 
program is presented in Appendix A. 
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In Section 2 of this report, brief quotes, summaries or ab-
stracts are presented for each of the publications listed in Appendix A. 
These quotes and summaries provide a brief indication of the objectives, 
principal findings, and conclusions of the research. Finally, in Sec-
tion 3, a discussion is given of the use that has been made of the re-
sults of the research in the development of new or in the revision of 
existing design specifications for riveted and bolted structures. 
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2. RESEARCH SUMMARIES 
In this section, brief summaries are given for each of the 
publ ications resulting from the research conducted in the IHR-5 program 
on Riveted and Bolted Joints. The reports have been separated on the 
basis of the five project designations noted previously. 
2.1 PROJECT 1 - THE EFFECT OF BEARING PRESSURE ON THE STRENGTH OF 
RIVETED JOINTS 
Riveted tension connections which are designed for buildings 
or bridges are porportioned such that the stresses in the various parts 
or components of the connections are within certain allowable 1 imits. 
These allowable working stress 1 imits apply to the tensi le stresses in 
the connected plates or members, as well as the shearing stresses in 
the rivets and the bearing stresses in the rivets and plates. In eval-
uating the stresses for the design of these tension members, it is gen-
erally assumed that the tension is uniformly distributed across the 
width of the connected members, and that the load is equally divided 
among the rivets. 
The average ultimate tensile and shearing strengths of riveted 
structural connections can be evaluated by tests, but the effect of 
bearing pressure upon the strength or behavior of such connections has 
been somewhat elusive. Some investigators have studied the effect of 
bearing .on slip in the connections, others the effect of bearing on the 
deformation, and some the effect of bearing on the ultimate strength 
of the members. Nevertheless, the effect of bearing appears to be of 
6 
,a secondary nature and has been extremely difficult to evaluate. 
The origin of the allowable bearing pressures in the specifi-
cations is uncertain. In fact, at one time some of the specifications 
did not include limiting stresses for bearing. Nevertheless, all of 
the major specifications for buildings or bridges did provide for a 
maximum allowable bearing pressure. 
During the latter part of the nineteenth and the beginning 
of the twentieth centuries, many t~eories of structural joint behavior 
were developed. One of the first men to draw attention to bearing 
stresses in riveted work was J. H. Latham, of England, in 1858. (1)* 
At that time, new developments (such as construction of steam boilers) 
I ed to more demand i ng uses for rivets and riveted j.o in ts . After num-
erous fai lures had occurred, investigations and research were under-
taken to study the factors affecting riveted joint strength under both 
static and repeated loadings. 
Although there are numerous references on riveted connections 
from 1850 to date, there are relatively few studies reported involving 
the effects of bearing pressure. The 1964 design specifications in use 
in the United States for steel structures give maximum allowable bearing 
pressure values as follows: AREA(2) 1.50 times the allowable tensile 
st ress; AASHO(3) 2.22 times the allowable tensi Ie stress; and AISC(4) 
2.25 times the allowable tensile stress. 
* 
On the basis of the allowable bearing stresses shown above, 
Raised numbers in parentheses refer to entries in the List of Refer-
ences. 
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bearing becomes a consequence only when the connected material becomes 
relatively thin. This is especially true for joints designed in accor-
dance with the AASHO and AISC specifications. 
2.1.1 liTHE EFFECT OF BEARING PRESSURE ON THE STATIC STRENGTH OF 
RIVETED CONNECTIONS" 
by W. H. Munse, University of Illinois Engineering Experi-
ment Station, Bulletin No. 454, July 1959. 
OBJECT AND SCOPE OF INVESTIGATION 
If an increase in bearing could be permitted, a saving would 
be realized in the cost of some riveted structures. The increase in 
bearing would obviously el iminate some rivets and, thus, save on the 
fabrication and erection costs. However, in all probabil ity, it would 
also provide the additional economy of reduced drafting room and shop 
costs by increasing the app1 icabi 1 ity of standard connections and re-
ducing the number of standard connections which have to be redesigned 
because of high bearing. 
In considering fully the many aspects of the question of bear-
ing pressure In tension, repeated loadings as well as static loading 
conditions must be taken into account. However, in this instance, only 
static loading conditions were considered. This type of loading is 
applicable to most buildings and the longer span bridges; it covers a 
large percentage of the cases where bearing may be critical. 
The Project investigation was initiated at the University 
of Illinois in 1947. Since a variation in the bearing pressure in a 
riveted connection can be obtained only by varying detai 1s in the joint 
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design, the program also has included a number of other variables. These 
other variables involved such factors as plate thickness, rivet grip, 
transverse rivet spacing, rivet pattern, and the location of the critical 
section. In any study of riveted joints, it is impossible to consider 
the effect on the behavior of the joints of only one variable at a time. 
CONCLUS IONS 
On the basis of the tests, the following conclusions were drawn: 
1. Theoretically, since an increase in bearing stress, the 
other stresses remaining unchanged, requires a wider and 
thinner plate, the increase in the ratio of net to gross 
plate width increases the theoretical efficiency of the 
plate. However, if the g/d ratio is made too great 
(greater than about 5.25), the stress behavior becomes 
less favorable and this expected increase in efficiency 
wi 11 not be fully realized. 
2. There appears to be no reason for using a different unit 
stress in bearing for single shear rivets than for double 
shear rivets. 
3. Allowable bearing pressures as great as 2.25 times the 
allowable tensile stress would seem justified for members 
subjected to static loadings. (This is also the conclu-
sion of the Research Council on Riveted and Bolted Struc-
tural Joints). (5) 
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2.1.2 ilEFFECT OF BEARING PRESSURE ON FATIGUE STRENGTH OF RIVETED 
CONNECT I ONS I1 
by J. F. Parola, E. Chesson, Jr., and W. H. Munse, University 
of Illinois, Engineering Experiment Station Bulletin No. 481 
October, 1965 
OBJECT AND SCOPE OF INVESTIGATION 
The fi rst phase of the Project study dealt with the effect 
of bearing pressure on the static strength of riveted joints. However, 
since many structural joints are subjected to repeated loads, the effects 
of bearing pressure under fatigue loadings, as well as under static load-
ings, must be considered. The object of this second phase of the inves-
tigation was to evaluate the effect of rivet bearing on the fatigue 
strength of riveted joints composed of ASTM A7(6) steel plates and rivets 
of AS Tt'1 A141 (6) stock (hot driven for this series of tests). Since the 
bearing pressure in a riveted connection cannot be varied without chang-
inging other properties of the joints, it is difficult to isolate the 
effect of changing the bearing from the effects produced by the resulting 
changes in other variables. These other variables involve sucn factors 
as the number of rivets in line, shear ratio, plate thickness, rivet 
diameter, rivet pattern, rivet spacing, and rivet grip (which may affect 
the rivet clamping force). Consequently, the interrelationship between 
these variables must be kept in mind when interpreting the test results. 
A range of values for bearing ratio was selected, both above 
and below the bearing ratios common to practice at the time of the in-
vestigation. 
A total of 124 specimens with four different bearing ratios 
and various stress cycles were included: 48 were tested under zero-to-
10 
tension loadings; 41 were tested under complete reversal loadings; 31 
were tested under half tension-to-fu11 tension loadings; and 4 were 
tested as control specimens under a single static loading. The results 
of these tests, supplemented by data from other sources, were analyzed. 
CONCLUSIONS 
On the basis of the results of the tests, several general 
observations were made concerning the effect of bearing pressure on the 
fatigue strength of riveted double-lap joints of mi ld steel. These mem-
bers had tension:shear ratios of 1:0.75, bearing ratios of 1.37, 1.83, 
2.36, and 2.74 and were assembled with four 7/8-inch diameter hot-driven 
rivets arranged in a square pattern. The conclusions are as follows: 
1. In the fatigue tests, as rivet grip was increased, the 
average net section stress at "first change in slip!1 
increased and the fatigue life was extended. This tends 
to substantiate the conclusion that higher rivet clamping 
forces exist with larger rivet grips. 
2. The scatter of fatigue results for specimens with 'Inormalli 
clamping is bel ieved to have been caused by the variation 
in initial clamping force of the rivets andlor the degree 
of rivet hole fi 11 ing. I t appears that clamping force 
may vary widely in rivets of relatively short grips even 
when driven in a single shop, at approximately the same 
time, and using more care than is exercised in normal 
shop fabrication. 
3. An increase in bearing pressure increases the local 
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stresses at the rivet hole and produces a reduction in 
fatigue strength for the loading conditions considered in 
this report. However, the bearing ratio cannot be changed 
without changing other variables such as geometry of the 
piate, grip of rivets, etc. 
4. The proportional effect that the bearing ratio, geometry 
changes, or rivet grip has on fatigue strength cannot be 
defined. As bearing ratio increases, the transverse 
spacing increases, the plate thickness decreases, and the 
rivet grip decreases. The increase of transverse spacing 
and the decrease of plate thickness simultaneously produce 
a more non-uniform stress distribution, thereby lowering 
the fatigue strength. Higher clamping force increases 
the fatigue strength since the higher compressive force 
under the fastener produces a more uniform stress distri-
bution in the plate around the rivet hole. 
5. The test results of joints with both normal and reduced 
clamping were in good agreement with those from other 
sources. 
6. Design stresses for fatigue loadings should be related 
to the number of appl led cycles of stress and to the stress 
range. Relationships of the form, 
o = 1 - k R 2 
can be used in design, when 
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kl and k2 are factors equal to or less than unity 
which depend upon the number of appl ied cycles, 
and may be varied for different types of mater-
ials. These coefficients may be affected by 
member geometry and other factors, 
a is a basic allowable stress for static loading. 
a 
R is the ratio of minimum to maximum cyclic stress 
(tensi le stress taken as positive and compressive 
stress as negative). 
7. Although fatigue strength is reduced with increasing 
bearing ratios (and related geometry changes), the effect 
is not pronounced for bearing ratios of less than, say, 
2.25. 
sures 
Therefore, for mi ld steels, allowable bearing pres-
as great as 2.25 times the allowable tensi le stress(5) 
would seem justified for riveted connections subject to 
fatigue loadings as well as to static loadings. 
2.2 PROJECT 2 - THE EFFECT OF RIVET PATTERN IN THE STATIC STRENGTH OF 
STRUCTURAL JOINTS 
Structural tension connections have long been designed on the 
basis of the theoretical net section and an allowable working or design 
s t res s . Howe v e r, res ear c h has show nth a t the lief f e c t i vel I net sec t ion 
of such connections is a function also of the geometry of the member 
and connection, the manner in which the stress is transferred through 
the connection and the method of fabrication. 
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Although the fabrication of structures with some type of 
stud or pin undoubtedly dates back to the time when metals were fi rst 
used, the earliest published studies(?) on the behavior of riveted 
joints date only to 1837. Furthermore, the earl iest studies on struc-
tural joints were generally conducted in Europe and often were related 
to appl ications in the ship bui lding industry or to boi ler work. How-
ever, since the beginning of the twentieth century, numerou~ structural 
connection studies have been conducted by investigators in the United 
States. 
Many of the early investigations were no doubt planned because 
of service fai lures and the need for design information. A desire for 
more accurate design rules and a need for a better understanding of 
joint behavior have provided the reasons and justifications' for further 
research. 
Through the years, many design rules for tension connections 
have been proposed, either on the basis of experimental research or 
theoretical analyses. Some of these rules have been relatively simple, 
whi Ie others have been rather complex. Nevertheless, these rules have 
generally been suggested to provide a more consistent method of design 
and to take into account in this design as many as possible of the fac-
tors that affect the behavior of the connections. 
The specifications most generally used in the United States 
for the design of steel bridges and steel buildings are the American 
Rai lway Engineering Association's Specifications for Steel Railway 
Bridges, (2) the American Association of State Highway Officials ' Stan-
dard Specifications for Highway Bridges, (3) and the American Institute 
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of Steel Constructionls Specifications for the Design, Fabrication and 
Erection of Structural Steel for Sui ldings. (4) All three of these 
specifications provide the same general rule for computing the effective 
net section of riveted tension members. In the AREA specifications, it 
reads as follows: 
lIThe net section of a riveted tension member is the 
sum of the net sections of its component parts. The net 
section of a part is the product of the thickness of the 
part ~ultipl ied by its least net width. 
lIThe net width for any chain of holes extending 
progressively across the part shall be obtained by deduc-
ting from the gross width the sum of the diameters of all 
the holes in the chain and adding, for each gage space in 
the cahin, the quantity, 
2 
s 
1+9 
s = pitch of any two successive holes in the chain, 
g gage of the same holes. 
lIThe net section of the part is obtained from that chain 
which gives the least net width. 
IIFor angles, the gross width shall be the sum of width 
of the legs less the thickness. The gage for holes in op-
posite legs shall be the sum of the gages from back of 
angle less the thickness. 
IIFor splice members, the thickness shall be only that 
part of the thickness of the member which has been developed 
by rivets beyond the section considered. 
lIThe diameter of the hole shall be taken as l/8-in. 
greater than the nominal diameter of the rivet. 
llif the angles in tension are so connected that bending 
cannot occur in any direction, the effective section shall 
be the net section of the angle. If such angles are con-
nected on one side of a gusset plate, the effective section 
shall be the net section of the connected leg plus 1/2 
section of the unconnected leg. 11 
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Because of the many questions and uncertainties noted above, 
the Project 2 program was initiated to evaluate the basic behavior of 
va rio u sty pes 0 f s t r u c t u r a 1 j 0 i n t s, inc 1 u din g bot h f 1 a t p 1 ate and do u b 1 e-
plane truss-type connections, under various testing conditions. The 
fo1 lowing sections present a brief summary of the results of these var-
ious studies. 
2.2.1 "A STUDY OF THE PRACTICAL EFFICIENCY UNDER STATIC LOADING 
OF RIVETED JOINTS CONNECTING PLATES" 
by \~. M. Wilson, W. H. Munse, and M. A. Cayci, University 
of Illinois Engineering Experiment Station Bulletin No. 
402, 1952. 
OBJECT AND SCOPE OF INVESTIGATION 
The objectives of the tests described in this study were: 
1. To determine the static strength of lab joints and doub1e-
strap butt joints, both types of joints to be of several 
rivet patterns, in order that the relative merits of the 
various rivet patterns might be studied. 
2. To determine the effect of the temperature of the speci-
mens on their strength and on their type of fracture. 
3. To compare the strength of the joints with various rivet 
patterns as determined by test with the strength of the 
same joints as determined by various design rules. 
One of the most elaborate series of tests of riveted joints 
ever reported(8) was made by Davis, Woodruff, and Davis in connection 
with the design and construction of the San Francisco-Oakland Bay Bridge. 
In their conclusions the authors state, "Nothing is gained by an 
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attempt to detai 1 a tension member with a critical net area greater than 
about 75 percent of the gross area." Engineers who discussed this paper 
cited the results of tests showing joint efficiencies as high as 85 per-
cent. It would seem, therefore, that any further studies to be made of 
the efficiency of riveted joints should have as their objectives: 
(1) the determination of the characteristics of a riveted joint which 
affect its efficiency, and (2) the development of a design rule by 
which the strength of a riveted joint can be computed with a greater 
degree of accuracy and dependabil ity than by the rules now in use. 
At a meeting of the Research Counci 1 on Riveted and Bolted 
Structural Joints in Cleveland on August 7, 1947, a program consist-
in of static tests of 32 specimens, each containing a large riveted 
joint, was approved. Bulletin 402 contains the results of the tests 
of these 32 specimens in addition to the results of 6 tests previously 
made by M. Badir(9). The types of specimens tested include both 
;', 
doub1e-strp butt joints and lap joints. The double-strap butt joints 
included specimens with six rivet patterns; they were tested at temper-
ature of -20 deg, room temperature (approximately +80 deg), and +120 
deg.t The lap joints included seven rivet patterns. These were all 
tested at a temperature of approximately -20 deg. 
The Bulletin contains an analysis of the results both of 
the tests which have been referred to in the previous paragraph and 
-'-~The specimens designated as double-strap butt joints were not, in the 
strictest sense, double-strap butt joints, but each specimen contained 
a joint which was equivalent to one-half of a double-strap butt joint. 
tHereafter, temperatures are stated in degrees Fahrenheit unless other-
wise specified. 
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also of a number of other tests reported in the engineering 1 iterature. 
SUMMARY OF RESULTS 
The tests may be summarized as fol lows: 
A. University of Illinois Tests (1948) 
1. In general, specimens tested at temperatures below zero 
broke with a fracture that was predominantly of a cleavage 
type; specimens that were tested at temperatures of the 
order of +120 deg broke with a fracture that was partly 
of a shear type and partly of a cleavage type. 
2. For the double-strap butt joints connecting 3/4-inch 
rimmed-steel plates an increase in the temperature of the 
plates when tested was accompanied by a sl ight decrease 
in the efficiency of the joints. 
3. Except for the specimens with type F rivet pattern the 
efficiency of the double-strap butt joints connecting 
1/2-inch semiskilled steel plates was of the order of 
10 percent greater for tests at -20 deg than at +120 deg. 
4. The lap joints tested at approximately -20 deg were slight-
ly stronger than the corresponding double-strap butt joints 
tested at the same temperature, but the difference is not 
significant. This is true for the three rivet patterns 
common to the two types of joints. 
5. The tests emphasize that the effective net area by test can-
not be predicted accurately and that the ultimate strength 
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is not necessarily a direct function of the transverse dis-
tance between rivets in the outer row nor of the net area of 
the section on which fracture occurs. 
B. Watertown Arsenal Tests 
In general, for the Watertown Arsenal Tests, the effective 
net areas as determined by the tests and by the two design rules con-
sidered agree quite closely. 
C. U. S. Navy Tests 
In general, for the U. S. Navy Tests, there is a scatter be-
tween the values of the efficiency by the two design rules and the values 
obtained from the tests. 
D. University of Illinois,Tests (1930) 
In no case, for the University of 111 inois 1930 tests, was the 
value of the efficiency by test appreciably smaller than the correspond-
ing value determined by the two design rules considered. 
E. Tests by C. o. Harris 
Of the two types of specimens tested by Harris, the values of 
efficiency by test and by the design rules agreed fairly well for one 
type but differed greatly for the other type of specimen. 
F. University of Cal ifornia Tests 
In general, for the University of California Tests, the strength 
of the specimens by test was somewhat lower than the values obtained 
from either of the design rules. 
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G. All Riveted Joint Tests Presented in The Bulletin 
With very few exceptions, the values of the effective net 
area by test did not differ from the effective net area by the two de-
sign rules by more than 13 percent. 
CONCLUSIONS 
The tests described in Bulletin 402 have led to the fol lowing 
conclusions for riveted structural joints connecting A7 steel plates 
subjected to static loads. 
1. There is no assurance that increasing the transverse dis-
tance between the rivets in the outer row to more than 
4-1/2 inch wi 11 increase the efficiency of the joint. 
2. A study of a large number ~f riveted joints designed in 
accordance with current practices and having rivet patterns 
bel ieve to give high efficiencies has revealed that the 
actual efficiencies by test will usually lie between 75 
and 85 percent, although there have been a few specimens 
for which the efficiency exceeded 85 and a few for which 
it fell below 75 percent. 
It still remains to be demonstrated that, by conscious se1ec-
tion or rivet pattern, a designer can be sure of an efficiency greater 
than 75 percent. 
2.2.2 "EFFECTIVE NET SECTION OF RIVETED JOINTS 11 
by F. W. Schutz, Proceedings of the 2nd Illinois Structur-
al Engineering Conference, November 1952. 
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OBJECT AND SCOPE OF INVESTIGATION 
The particular study reported in this paper was planned to 
investigate the efficiency of riveted structural joints. Specifically 
the work was planned to fulfi 11 the following objectives: 
1. To determine the static strength of double-strap butt 
type riveted or bolted structural joints in order that 
the relative merits of various fastener patterns might be 
evaluated. 
2. To determine which variables ,other than fastener patterns 
influence, to a measurable degree, the static strength of 
structural joints and to in'·,estigate the relative import-
ance of these variables. 
3. To determine a simple method for the prediction of the 
efficiency of riveted and bolted structural joints. 
4. To compare the efficiencies found by tests with those 
predicted by design rules. 
In order to attain the objectives of this program, a great 
many variables were investigated. Some of the variables studied showed 
no influence whatsoever on joint efficiency, others had an insignifi-
cant effect and a few were found to be quite important. Some of the 
variables which were studied are as follows: initial fastener tension, 
size effect in geometricaily similar joints, stagger of fasteners, trans-
verse spacing (gage), longitudinal spacing (pitch), width or length of 
joints with constant gage or pitch, position and size of the minimum 
gage in a joint with variable gage, fastener material, thickness 
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and ductil ity of material and method of forming holes for the fasteners. 
It was hoped that the study of these variables would indicate 
which of them had a major influence on the strength of structural joints. 
This hope was attained; in addition, information was obtained which, 
when studied with results of other investigations, resulted in the deve-
lopment of a method by which the efficiency of structural joints can 
be predicted. The empirical method is referred to as the relative gage 
method. 
The results were obtained from the test of 130 joints and 
from the study of the results of some 900 other joints tested by various 
investigators since the year 1882. In the studies that were made no 
results were omitted unless they fai led by some means other than plate 
tension failure and/or some vital information was omitted from the re-
port of these tests. Therefore, the results are based on various types 
of joints (both lap and butt type) and joints made from various materials 
such as wrought iron, structural steel, armor plate, and alluminum alloys 
of various types. The joints were fabricated with a variety of fasteners 
(bolts, hot and cold formed rivets). 
RESULTS OF THE INVESTIGATION 
Because of the careful control which was exercised in the 
manufacture and testing, very little scatter was found in the test effi-
ciencies of dupl icate specimens. The variation of test efficiency be-
tween duplicate specimens never exceeded 4 percent and had an average 
variation of only 1.3 percent. In one case, six identical joints were 
tested to give some indication of the scatter which might be expected. 
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In this case, the maximum difference in test efficiency between any 
two of the six joints tested was 2.1 percent. 
A method or predicting the behavior of the joints has been 
developed, based on a trial and error procedure, and is referred to as 
the relative gage method. The relationship to predict the efficiency 
of a joint is given by: 
Efficiency in percent (68 + 5G) (1 - ~) K B H 
o G2 
where 
K = 0.82 + 0.0032 R but not greater than 1.0 
R the reduction in area from a standard coupon test 
B a function of the bearing ratio. B = 1.0 for 
current specifications 
H = a function of the method of hole manufacture 
H = 1.00 for drilled holes; H = 0.862 for punched holes. 
G Gage for the joint or strip of a joint. 
o Hole diameter. 
The above equation may be simplified to: 
Efficiency in percent 1.05 (100 - 9~D) K B H 
but not greater than 87 percent of K B H. 
On method of studying the applicability of the various methods 
of predicting efficiency is to relate the test efficiency to the predict-
ed efficiency on a statistical basis. This was done and it was found 
that the relative gage method was far superior to the other two methods 
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studied. The mean error was only 1.07 percent and 87 percent of the 
tests fell between -4 1/2 percent and +4 1/2 percent error, whereas for 
the Wi lson rule some 65 percent fell between -4 1/2 percent and +4 1/2 
percent error. Even poorer is the AREA rule which has only 40 percent 
of the tests lying between the -4 1/2 percent to +4 1/2 percent error 
range. 
CONCLUSIONS 
In summary, some of the conclusions that have been reached 
are the following: 
1. Fastener tension has but a very slight effect on joint 
efficiency. 
2. The mechanical properties of the fastener material have 
no great effect on the efficiency of a joint which suffers 
a tension failure in the materials being connected. 
3. Staggering alternate fasteners in the first transverse 
row of a joint increases the efficiency of the joint but 
does not increase the efficiency as much as is predicted 
by the present specifications. Joints with stagger in 
all transverse rows of fasteners behave in the same way 
as joints with stagger in only the first transverse row. 
4. The transverse spacing (gage) of longitudinal lines of 
fasteners in a joint has a great effect on joint efficiency. 
Joint efficiencies increase with increasing values of relat-
ive gage up to vaiues of about 8. Relative gages larger 
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than 8 do not produce a significant increase in efficiency. 
For the joints of the program the~maximum joint efficiencies 
that could be obtained consistently were about 87 percent 
to 90 percent. 
5. The longitudinal spacing (pitch) of transverse rows of 
fasteners has no great effect on joint efficiency as long 
as the fai lure is a tension fai lure. 
6. The efficiency of a joint is virtually independent of the 
number of longitudinal 1 ines of fasteners for joints with 
up to 7 1 ines. 
7. Joint efficiency is not dependent on the number of trans-
verse rows of fasteners as long as there are enough fast-
eners in the joint to prevent fastener shear failure. 
8. The method of manufacture of the holes of a joint has a 
large effect on joint efficiency. For one joint design 
tested in the present program the punched hole joints 
were only 89.3 percent as efficient as the drilled hole joints. 
9. The efficiency of a joint is not controlled by the minimum 
relative gage but by the weighted average of relative gages. 
10. The thickness of the plates of a joint has no effect on 
efficiency if the fai lure is a plate tension failure. 
11. The tests indicate that the ductil ity of the material 
has an important effect on joint efficiency. 
The comprehensive study of all the available test data has 
resulted in a conclusion that there are four major factors which 
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influence the efficiency of riveted structural joints which fai 1 by ten-
sion of the material being connected. These four dominant factors are: 
fastener pattern, method of hole manufacture, ducti lity of the material 
being connected and the ratio of the bearing stress to tensi le stress 
in the joint. Of these four factors only one, the fastener pattern, 
is considered in the present design rules for design of tension mem-
bers. Furthermore, the presently used expression relating efficiency 
and fastener pattern is not always accurate even when pattern is the 
only variable. 
The study shows that the other 3 variables are quite im-
portant and explain why there has been so much disagreement between 
various investigations in the past. 
2.2.3 "8EHAVIOR OF RIVETED CONNECTIONS IN TRUSS-TYPE MEMBERS", 
by E. Chesson, Jr., and W. H. Munse, ASCE Transactions, 
Vol. 123, 1958. 
OBJECT AND SCOPE INVESTIGATION 
Research on riveted joints has been conducted for ,nore than 
a century; nevertheless, many of the problems investigated have never 
been completely answered. The emphasis of past research has been on 
flat plate joints, probably reflecting largely the past, but decl ining, 
importance of riveted joints in vessels, tanks, and boilers. In the 
last half century, the use of long-span bridges and the construction 
of many tall buildings have brought large built-up members to new 
importance. Yet, a review of the literature(7) yields little data on 
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tension test of full-size truss-type members, although a small number 
of studies have been made on gusset plates, columns, and some few re-
lated structural components such as angles, lug angles, tie plates, etc. 
Generally, these latter tests were limited in scope and involved but 
few specimens. Since 1945, occasional tests of large tension members 
have been made; however, they included only several specimens of 
similar size and shape, and often were 1 imited to or principally con-
cerned with the behavior of the recently developed high-strength 
bolts. 
Flat plate joints are sometimes referred to as Iisingle plane 
members ll . That is, members in which the loads on the fasteners are 
appl ied in one plane; or, in the case of double lap joints, the loads 
on the fasteners are appl ied in two planes separated only by one or 
more thicknesses of material, a distance which is usually small re-
lative to the width of the joint. In contrast to single plane members, 
we may describe many large truss members in general use today as 
Iidouble plane membersll. That is, members in which the loads are 
appl ied through gussets in two planes separated by a distance which 
is often equal to or exceeds the width of the joint. 
The purpose of this investigation was to examine the be-
havior, up to failure, of full-size truss-type members subjected to 
static tensile loads. Since the specimens were tested in dupl icate, 
the sixteen specimens tested represent eight variations. These 
variations include five distinct specimen patterns for which the rivet 
holes were dri lled plus three of these same specimen patterns for which 
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the rivet holes were punched. 
CONCLUSIONS 
The following conclusl8ns are based on the results of the 
tests and studies. 
1. Adherence to current design stresses does not nccessari ly 
insure a balanced design (i .e., a design in which, at ultimate, 
the member is likely to fail in either shear or tension); 
shear failures may be expected in long truss-type joints 
of "balanced designll. 
2. Large connections should be proportioned such that the 
distribution of rivets in a joint is similar to the dis-
tribution of areas connected by the rivets. 
3. Members with drilled holes in the connections are more 
susceptible to shear failures than are similar punched 
specimens. In addition, the shear strength of the drilled 
member can be expected to be sl ight1y smaller than that of 
the punched member. 
4. Punched and drilled truss-type members of the same joint 
pattern and of 3/8 to 1/2 inch thick material may be ex-
pected to have approximately the same efficiencies. However, 
it should be pointed out that for thicker materials or for 
members subjected to loading conditions other than that 
used in this investigation, the efficiencies of simi lar 
drilled and punched members may not necessarily be the same. 
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5. The use of lacing bars in tension members provides a sec-
ondary loading which may reduce the strength of the members. 
To reduce the 1 ikel ihood of tensile failures at the lacing 
rivets, the edge distances at these rivets should be made 
as large as possible, and the lacing bars as small as feasi-
ble. 
6. Of the several design rules considered, the AREA net 
section rule appears to give the best agreement with the 
test efficiencies of these truss-type members. 
7. In view of the lack of complete agreement between 
theoretical and test efficiencies, and the unpredictable 
variations in the materials, it is doubted that complicated 
formula for the design of tension members are justified. 
Because of the simplicity of appl ication and our familiarity 
with the currently specified rule, it would seem desirable 
to retain the present net-section rule as a basis for de-
sign but to institute a suitable upper 1 imit on efficiency 
or effective net section. Such a procedure, would correct 
the most serious deficiency of the current specifications 
for tension members and would provide, for riveted con-
nections, a predicted or theoretical efficiency which does 
not differ greatly from the test efficiency. 
2.2.4 ··RIVETED AND BOLTED JOINTS: TRUSS-TYPE TENSILE CONNECTIONS··, 
by E. Chesson, Jr., and W. H. Munse, ASCE·Structural Divi-
s ion Journal, ST 1, Vol. 89, February 1963. 
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OBJECT AND SCOPE OF INVESTIGATION 
Although research on riveted joints has been conducted for 
over 125 years(7) there are still many questions to be answered con-
cerning their behavior. Originally, the studies were concentrated on 
flat plate joints, reflecting the importance of rivets in vessels, 
tanks, and boilers. However, late in the 19th century, the construction 
of long-span bridges and tall buildings required the use of large, built-
up members and provided a need for information on the behavior of their 
connections. In 1897, a report(lO) on tests of thirty-four truss-
type members was presented, but half a century elapsed before research 
was resumed on the behavior of such structural elements. 
In 1952, an extensive program of tests on flat plate connec-
tions and an analysis of their behavior were reported(l 1) to the Research 
Counci 1 on Riveted and Bolted Structural Joints. A program of tests 
sponsored by the Council on large-scale truss-type members fabricated 
with rivets or high strength bolts followed. The results of the first 
phase of this study were published(12) in 1958. 
The behavior of certain-full-sized angle, and built-up truss-
type members subjected to static tensile loads to the maximum, were 
closely examined in order to analyze the effectiveness of these members 
and to provide a means of accurately computing their strengths, based 
on their geometries. 
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SUMMARY OF RESULTS 
1. The unequal distribution of load to the pull-plates of 
double-plane members at small loads had 1 ittle effect on 
the ultimate load, because at higher loads that distribu-
tion was nearly uniform. However, the unequal distribution 
of the load at the lower loads did determine the location 
at which fai lure would take place. 
2. Inequalities in hole clearances and slip behavior con-
tributed to unequal loading of the various components of 
the tested members, particularly at loads above working 
stresses. At design stresses, the loadings were somewhat 
uniform. 
3. The effect of shear-lag was evident in the connected legs 
and in the outstanding legs of angle members, in the flanges 
and webs of the I-section members, and in the gusset 
plates. 
4. Strains in the batten plates used for the box-type members 
were quite low. 
5. Deformations in punched members were generally smaller 
than those measured in similar drilled members. 
6. Deformations in bolted members were generally smaller 
than those measured in simi lar riveted members. 
7. First major slip in volted members did not occur unti 1 
loads well beyond current design levels had been applied. 
8. An increase in bearing pressure, resulting from a reduction 
in the number of fasteners, produces an increase in the 
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deformation of truss-type members, even at design stresses 
on the net section. 
9. Web effectiveness (as a result of shear-lag) varies with 
the length of the joint; the shorter joints provide a less 
favorable stress transfer. 
10. Wide gusset plates, with large edge distances, may be 
more suscept,tb1e to damage by punching than are members 
having smaller edge distances. 
11. The effective width of gusset plates may be considerably 
less than the actual width. Narrower and stiffer gussets 
are generally preferable to thinner gussets having the 
same net area. 
12. Sp1 itting failures in the gussets were preceded by tear-
ing and the splits then developed because of the gusset 
geometry. 
13. Unequal fastener deformations in long joints produced 
average shear strengths that were lower than that obtained 
from single fasteners. 
1~., Joint strength, including that of the fasteners, is 
affected by the arrangement of the component parts and 
of the fasteners. 
CONCLUSIONS 
1. The usual gross area formula, ~ = PL, is satisfactory for 
AE 
use in elongation computations for truss members. 
2. Gusset plates are not always fully effective over their 
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entire width. This fact should be considered In their 
design. 
3. In view of variations in fabrication and of the inter-
relation of a large number of factors, it is doubted that 
elaborate formulas for the desi0n of steel tension members 
are justified. However, in structural steel consideration 
should be give to the following four variahles: 
1. Joint pattern; 
2. method of hole manufacture 
3. the distribution of area in the connection~ 
4. the length of the connection. 
4. An upper limit should be placed on the maximum proportion 
of the gross area, which may be considered effective in re-
sisting a tensi le load. A limit of 85 percent is recommend, 
provided separate design stresses are specified for punched 
and for drilled members. 
2.2.5 "RIVETED AND BOLTED JOINTS: NET SECTION DESIGN", 
by W. H. Munse and E. Chesson, Jr., ASCE Structural 
Division Journal, St. L, Vol. 89, February 1963. 
OBJECT AND SCOPE OF INVESTIGATION 
The principal design specifications in use in the United States 
as of 1962 provided maximum allowable tensile stresses for the design 
of tension members and connections. (2,3,4) These allowable stresses 
then are used to determine the required net section of the members or 
connections in question. The use of these averaqe or nominal stresses 
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for the determination of the net sections, based on many years of ex-
perience, has been found to produce safe and sound structures. This, 
however, does not mean that the designs are as efficient as they might 
be or that the assumed factors of safety actually exist. 
A better util ization of existing information concerning the 
behavior of such members would make possible a more effective use of 
the materials. 
In an attempt to obtain the greatest possible usable area in 
a connection, designers often stagger the rivets at the critical section 
of the connection. With a staggered pattern of fasteners, the net width 
of the member is obtained by deducting from the gross width the sum 
of the diameters of all the holes in the chain of fasteners and by 
adding for each gage space in the chain the quantity, s2/4g. (Based 
on the research summarized in this paper, the 1961 AISC Specification(4) 
has placed an upper 1 imit on the net width equal 85 percent of the gross 
width.) The critical net section of the member is that which is obtained 
from the chain that gives the least net width. This relationship, 
proposed in 1922 by Cochrane, (7) has been used widely in design spec-
ifications. Brady and Drucker(14) have provided further justification 
for this rule as an upper-bound on yielding, based on a 1 imit analysis 
of flat plate specimens with open holes. Obviously, there is comsider-
able justification for the use of this relationship. 
In the case of angles, the design specifications provide sev-
eral different requirements. In some instances, the entire outstanding 
leg of a connection angle is included in the net section, whereas in 
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other cases only half of this leg is considered effective. Apparently, 
there is a marked difference of opinion as to the manner in which angles 
will behave. 
A fourth net-section factor that is generally specified is 
the size of the fastener holes. In computing the net area of a member 
the diameter of the hole is taken as 1/8 inch greater than the nominal 
diameter of the fastener. Because the holes are generally drilled or 
punched only 1/16 inch larger than the nominal diameter of the fastener, 
this provides an allowance for the effects of reaming, drifiting, or 
other fabrication operations. 
The foregoing examination summarizes the requirements of the 
current specifications for the design of tension members and connections. 
However, there are a number of factors that are omitted in these design 
requirements. It is the purpose herein to presen~ an investigation of 
the missing factors, to demonstrate the manner in which they affect the 
strength of tension connections, and to show how they can be taken into 
consideration in design. 
Only net section design will be considered; the shear strength 
of the fasteners will be assumed to be adequate. Furthermore, the ex-
amination, based primarily on the ultimate strength of connections, will 
be considered to be appl icable to connections of either riveted or 
bolted construction. The many laboratory studies conducted on such 
connections have demonstrated that their ultimate strengths are similar 
and that the same design rules can be applied for the net section of 
either riveted or bolted structural connections. 
The investigations and analyses of the behavior of tension 
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connections will be presented in such a way that the various factors 
affecting this behavior can be considered separately, because of some 
of these factors have a greater effect than others. Any or all of the 
factors then can be used in the development of suitable design specifi-
cations. Although the inclusion of these factors in the design spec-
ifications would compl icate somewhat the present design procedures, 
they would make it possible to use the materials more effectively, 
to obtain a better balance of the materials in design and, in many 
instance, to realize savings in the material. 
It may be further noted that the studies on which this paper 
is based include a wide range of joint sizes, members of single or 
double plane configuration, members fabricated of various materials, 
and studies that have been conducted in many laboratories of the world. 
However, much of the analysis and investigation is based on studies 
conducted during the 1950 l s at the University of Illinois.(ll,12,15,16,17) 
BEHAVlOR OF TENSION CONNECTlONS 
In order to develop effective design rules, it is necessary 
to know where the critical section of a connection may be, where it 
will fai 1 if loaded to ultimate capacity, and, how it will fail. However, 
even before these questions are answered, a basic philosophy for design 
and failure must be establ ished. 
In most of our present design specifications, the allowable 
tensile stresses and design requirements are based on the minimum 
specified yield strength of the materials and a suitable factor of 
safety against yielding. For example, in the current AISC Specification, (4) 
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a factor of safety of 1.65 and an allowable tensile stress of 20,000 
psi are used for tension members of ASTM-A7 steel. This has generally 
provided a suitable basis for design but has not always provided a con-
sistent factor of safety against fai lure. In some instances, the yield-
ing of a material may provide a definite change in structural behavior; 
however, in tension connections the indication of yielding generally 
is not well defined. 
Yielding at the net section in a riveted or bolted connection 
may initiate in local regions at the edges of the rivet or bolt holes 
at nominal stresses as low as 10,000 psi to 15,000 psi. Then, if the 
nominal stress is increased, such yielding will gradually extend through 
the remainder of the net section. However, because the minimum net 
section exists only over a short length of the member, the over-all 
deformation in the connection or member resulting from this initial 
yei1ding across the net section is re13tively small. Furthermore, at 
the load that produces yielding across the net section, the gross sec-
tion of the member will probably be stressed to only approximately 
70 percent or 80 percent of the yield stress, and the end of the member 
will carry 1 ittle or no stress. Thus, the stress and deformations in 
most tension members vary. 
If the few data with a theoretical efficiency of less than 
66 2/3 percent (less than three diameter hole spacing) are neglected, 
an average efficiency for the remainder of the data will be found to be 
approximately 75 percent. This is in accord with the conclusion by 
Davis, Woodruff, and Davis to the effect that it is impossible to depend 
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on joint efficiencies of greather than 75 percent. However, the data 
from(8) laboratory tests clearly demonstrates that greater test effi-
ciencies can be obtained if properly designed for, but that a maximum 
efficiency of approximately 85 percent should be specified for the de-
sign of riveted or bolted tension connections. 
SUMMARY 
To reflect better the behavior of tension connections, spec-
ification design requirements should be provided that will take into 
consideration the net section area, the efficiency coefficient, the 
fabrication factor and the shear-lag factor. This can readi ly be done 
by the fol lowing relationship. If (a) the bearing ratio is kept below 
2.25, (b) the effect of the method of fabrication is taken into account 
in the allowable design stresses, and (c) the ducti lity of the material 
is comparable to that of ordinary structural steel. 
Effective net area 
A 
An (1.60 - 0.7 An) (1 - r) 
g 
In this equation the net section area, A , is determined in accordance 
n 
with present design specifications, and A is the gross area of the g 
member. 
For flat plate connections, x is essentially zero and the 
third term of the equation is then equal to one. However, for built-
up double-plane members, angles, or other types of eccentrically assembled 
connections, the shear-lag effect must be considered. 
Although the use of the above equation will compl icate present 
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design procedures, the use of design charts or diagrams would make it 
possible for the designer tc determine quickly the appropriate am-
plication factor for his design and thus greatly simp1 ify the procedure. 
The use of such a procedure would result in a more real istic design, a 
more consistent factor of safety for tension members, based on ultimate 
strength, and often a savings in material. 
2.3 PROJECT 3 - THE STRENGTH OF RIVETS IN COMBINED SHEAR AND TENSION 
Many tests have been conducted in which rivets have been sub-
jected to shear and tension alone; however, few tests have been made in 
which the rivets have been subjected to known combinations of shear and 
tension. Wilson and Oliver, (18) in one of the studies which has been 
conducted on rivets in tension, determined the strength of rivets which 
had been subjected to various heating and driving conditions. Young and 
Dunbar(19) made tests of rivets in tension, rivets loaded with a tensile 
force equal to the shearing force, and rivets loaded with a tensile 
force equal to twice the shearing force. In this latter investigation 
it was found that the rivets loaded with an tensile force equal to 
twice the shearing force had ultimate strengths about 4 percent less 
than the ultimate strength of the rivets loaded ir, direct tension, and 
that the rivets loaded with a tensile force equal to the shearing force 
had ultimate strengths about 35 percent less than the ultimate strength 
of the rivets loaded in direct tension 
The Project 3 investigation was initiated to evaluate the 
question of combined shear and tension in detai 1 and to develop suitable 
design relat·ionships. 
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2.3.1 ':THE STATIC STRENGTH OF RIVETS SUBJECTED TO COMBINED TENSION 
AND SHEAR", 
by W. H. Munse, and H. L. Cox, University of 11 1 inois 
Engineering Experiment Station Bulletin No. 437, 
December 1956. 
OBJECT AND SCOPE OF INVESTIGATION 
In view of the meager amount of data avai lab1e on the strength 
of rivets loaded in combined shear and tension, this extensive program 
of tests was planned by the Research Counci 1 on Riveted and Bolted 
Structural Joints to study the question. The primary object of the in-
vestigation was to determine more completely the strength and behavior 
characteristics of rivets subjected to various combinations of shear 
and tension. 
Studies have been made, also, of the manner in which the yield 
strength, ultimate strength, and the deformations of the rivets were 
affected by such variables as rivet grip, rivet diameter, method of 
driving, and type of manufacture of the rivet. In general, the ultimate 
strength of the rivets has been taken as the basis for comparisons. The 
term shear-tension ratio as used throughout the study refers to the 
ratio of the component of force normal to the rivet axis (shear) to the 
component of force acting along the rivet axis (tension). 
SUMMARY OF RESULTS 
The results of the tests may be summarized briefly as follows: 
A. Pre 1 imi nary Tests 
l. The difference in ultimate strengths between rivets of 
killed, semi-killed, and rimmed steels subject to identical 
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and driving conditions was small (less than 5 percent). 
2. Variations in furnace temperatures between 1800 F and 
1950 F and driving (hand-pneumatic) times between 7 and 
30 seconds had only a small effect upon the ultimate 
strength of the rivets. 
3. The initial tension in the rivets was equal approximately 
to the yield point of the rivets for the 2 inch grip, the 
only grip for which these measurements were made. 
4. The length of soaking time to which the rivets were 
subjected, before driving, appreciably affected the 
ultimate strength of the rivets. 
B. Shear-Tension Tests 
5. An increase in grip from 1 inch to 5 inches produced a 
reduction in ultimate strength of approximately 8 percent. 
6. The method of rivet manufacturing (hot- or cold-formed 
had little or no effect on the ultimate strength of the 
rivets tested at various shear-tension ratios. 
7. The machine driven rivets (from only one fabricator) 
appeared to be slightly weaker than the hand-pneumatic. 
driven rivets; however, the heating and soaking conditions 
for the machine and hand-pneumatric driven rivets were 
different and may account for the difference in strength. 
8. The variation in ultimate strength with rivet diameter 
was generally less than 7 percent. 
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9. The energy absorbing capacity of rivets subjected to static 
loads was greatly reduced as the shear-tension ratio was 
increased. 
CONCLUSIONS 
On the basis of the tests reported it may be concluded that 
the ultimate strength of rivets subjected to loads ranging from direct 
tension to direct shear can be conveniently expressed in the form of a 
non-dimensional ell iptical interaction curve or in the form of a non-
dimensional ell iptical interaction curve or in the fcrm of other simple 
interaction relationships. From the ell iptical curve, the ultimate 
strength, S, of a rivet subject to a force having any combination of 
shear and tensile components can be obtained easi ly by means of the 
following relationship: 
where 
and 
S = rS 
s 
r = 
m = 
S 
s 
Tensile component of force 
Shear component of force 
Ultimate strength of rivet in direct shear. 
The relationshi~ S = rS could be easily applied to design 
s 
specifications, simply by replacing the ultimate shearing strength by 
the maximum allowable shear stress. The factor of safety for a rivet 
subjected to combined tension and shear would then be the same as the 
factor of safety for a rivet subjected to direct shear. 
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2.4 PROJ ECT 4 - HIGH-STRENGTH BOLTED STRUCTURAL JO I NTS 
Possibly no structural research in recent years has brought 
about so immediate and so extensive a modification of structural prac-
tice as the study of the high tensile structural bolt. For this reason, 
it will be of interest to rapidly trace the historical development of 
the high tensile structural bolt. The type of bolt is not new, but 
its extensive application to structural joints is of recent origin. 
The bolt is an accurately control led, quenched and tempered medium 
carbon steel bolt. This type of bolt first came into general use shortly 
after the First World War as an aid in building better automobiles. 
The idea, in applying this bolt to structures, is simply to use a high 
tensile bolt torqued to a very high tension and supported by hardened 
washers under the bolt head and the nut. This idea, however, and its 
effects, did not emerge at one time, but only through a process of 
development and contributions of many engineers. 
Possibly the germ of this idea lay in the practice of certain 
fabricators, a good many years ago, of using similar high-strength bolts 
as Ilfitting-upil bolts. This provided sufficient clamping power to pull 
up heavy plates preparatory to riveting. 
The first laboratory tests on high-strength bolts in this 
country were performed by Professor Wilbur Wilson at the University of 
Illinois and pub1 ished in the Universityls Bulletin 302 in 1938. Wilson 
concluded that liThe fatigue strength of high-strength bolts, appreciably 
smaller than the holes in the plates, was as great as that of well-
driven rivets if the nuts were screwed up to give a high tension in the 
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bolts." The joints tested, however, were designed for fai lure in the 
bolts ra~her than the plates and the bolt tensions were low as we know 
them now. The tests did establ ish, however, that the bolts themselves 
would not fai 1 in fatigue if sui tably tightened. 
The next step came in 1945 when Professor G. A. Maney of 
Northwestern University, under the sponsorship of the Industrial Fasteners 
Institute, prepared drawings for joints of more nearly balanced design. 
Difficulties were encountered in testing these joints in reverse load-
ing because the bolt tension was lost due to the bolt head and nut in-
denting the structural plate, thereby losing grip. It had not yet been 
real ized that hardened washers were necessary under the bolt head and 
nut to support the high bolt tension. Dr. Kenneth H. Lenzen, then at 
Northwestern University, was conducting these tests. He experimented 
with various washers -- common soft washers, cyanide hardened washers, 
deeply carburized washers, quenched and drawn medium carbon steel 
washers, and in the end, on October 23, 1947, obtained the first suc-
cessful test of a balanced joint designed pretty much as we know it 
today. 
In the meantime the Research Counci 1 was formed, and under its 
sponsorship, during the spring and summer of 1947, Professor Wi lson at 
the University of III inois completed tests of a series of bolted joints 
designed for fai lure of the bolts but with bolt tensions much higher 
than he had previously used. Here, again, it was determined that the 
bolt itself was safe in fatigue even when tightened to very high levels. 
Since that time, the University of Illinois, and later, the University 
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of Washington, have continuously explored numerous fatigue studies of 
high-strength bolted structural joints. 
The results of the studies conducted at the University of 
III inois are uriefly summarized in the following summaries from the 
pub] ished papers. 
2.4.1 "HIGH-STRENGTH BOLTS AS A MEANS OF FABRICATING STEEL 
STRUCTURES" 
INTRODUCTION 
by W. M. Wilson, Proceedings of the 30th Annual Meeting 
of the Highway Research Board, December 1950. 
Unti 1 recently, structural engineers did not consider bolted 
joints to be suitable for fabricating permanent steel structures. Today, 
the structural engineers of some railroads are using high-strength bolts 
to replace rivets in the fabricated joints of bridges for which the 
rivets had either fai led or loosened in service. There is no other 
instance in which the status of an engineering" process has changed so 
completely and in so short a time, from one in which the process was 
considered unsuitable to one in which it was considered to be superior 
to the process previously used. 
It is believed that the basis for this change in the attitude 
of structural engineers relative to the acceptability of structural joints 
fabricated with high-strength bolts, is of interest to the members of 
the engineering profession, especially those who are responsible for 
the design, fabrication, and maintenance of steel bridges. 
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MANNER IN WHICH RIVETED AND BOLTED STRUCTURAL JOINTS FUNCTION 
Riveted joints resist the shear between their various parts 
by virtue of the friction between those parts due to the tension in the 
rivets. This tension is due to the shrinkage of the rivets when they 
cool, and is 1 imited in magnitude to the yield-point strength of the 
rivet, approximately 28,000 x 0.7854, or 22,000 lb. for a 1 inch carbon-
steel rivet. 
In considering the manner in which joints fabricated with 
high-strength bolts function, it should be realized that the bolts being 
considered are made of high-strength steel having a yield point of the 
order of 85,000 psi, and an ultimate strength of 105,000 psi. 
A bolted joint, like a riveted joint, resists the shear to 
which it is subjected by the friction between the connected parts, but, 
in the case of the bolted joints, this friction is due to the tension 
in the bolts. And the clamping action of a 1 inch, high-strength bolt, 
corresponding on the yield-point stress on the section at the roof of 
the thread, 0.55 sq. inch for a 1 inch bolt, is 0.55 x 85,000, or 
46,750 lb. per bolt, a value somewhat more than twice as great as the 
corresponding value for a 1 inch carbon-steel rivet. 
In view of the above computa.tions which show that a inch 
high-strength bolt has more than twice the clamping action of a inch 
carbon-steel rivet, it is reasonable to expect a structural joint sub-
jected to a repeated or a reversed shear to be more satisfactory in 
service if fabricated with high-strength bolts than if fabricated with 
carbon-steel rivets. 
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The foregoing discussion applied to structural joints for 
which the rivets or bolts have a fairly long grip. A reduction in the 
grip will reduce the clamping action of the rivets but need not affect 
the clamping action of bolts. 
It would seem therefore, that, purely as a result of ration-
alization, structural joints fabricated with high-strength bolts may 
be expected to withstand a greater number of reversed-load cycles 
than a similar joint fabricated with carbon-steel rivets. 
To supplement the rational ization, fatigue tests were made 
to determine whether or not structural joints fabricated with high-
strength bolts will function in the manner described and, if so, to 
determine the relation between the tension in the bolts and the maxi-
mum shear in the cycle to which the joint can be subjected for a large 
number of cycles without loosening or breaking the bolts. 
CONCLUSIONS 
The relative merits of high-strength bolts and carbon-steel 
rivets, as a means for fabricating steel structures, have been studied 
by three methods, as follows: 
1. Rationalization 
2. Laboratory test 
3. Observations on structures in service. 
The results of all three studies indicate that, for structural 
joints subjected to repeated or reversed loads, joints properly fabricated 
with high-strength bolts which resist the shear to which the joint is 
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subjected by virtue of the friction between connected parts, are supe-
rior to simi 1ar joints fabricated with carbon-steel rivets. 
In order to obtain superior results by the use of joints fab-
ricated with high-strength bolts, it is necessary for the fabrication 
to comply fully with the recommended practices. 
The replacement of rivets that have loosened in service, is 
both cheaper and better if the replacement is made with high-strength 
bolts than if it is made with rivets. 
It is of interest to note that lock-washers were not used and 
in no instance did the bolts become loose due to the counter rotation 
of the nuts. 
There have been some suggestions to the effect that high-
strength bolts might be used in the field erection of building frames 
in congested areas, thereby el iminating the infuriating noise of the 
air-hammers. The results of the investigations described above would 
seem to fully justify this suggested change in practice, thereby elim-
inating a long-standing nuisance in the congested areas of our cities, 
as well as profiting by a cheaper and a better type of construction. 
2.4.2 "LABORATORY TESTS OF HIGH TENSILE BOLTED STRUCTURAL JOINTS" 
INTRODUCTION 
by W. H. Munse, D. T. Wright, and N. M. Newmark, ASCE 
Transactions, Vol. 120, 1955. 
The use of bolts is certainly not new to steel construction. 
Bolts are used in the erection of structures and in some instances have 
served as the permanent fasteners, although this latter type of appl i-
cation is often restricted by local codes and specifications for steel 
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construction. Another factor which has 1 imited previous use of bolts 
in structural joints has been the feel ing among engineers that the nuts 
on the bolts might become loose, thereby endangering the structure. 
However, the results of recent field and laboratory studies indicate 
that there is no danger in the use of bolts even uncer extreme condi-
tions, providing they are high tensile bolts and that they are installed 
in the proper manner. In fact, most of the studies have shown that the 
high tensile bolted joints are superior to simi lar riveted joints. 
In order to assemble a bolted joint, it is ncessary that the 
bolts be somewhat smaller than the bolt holes. However, since bolts 
do not expand and fill the holes, it is essential that the bolts be drawn 
up extremely tight to protect the joint against slipping. This, then, 
means that the load is transferred across the joint by the friction 
between the connected parts rather than through shear on the fasteners, 
except for the case of very high static loads. 
It has long been know that the friction forces in a riveted 
joint, produced by the clamping action of the rivets, determine the 
abi 1 ity of the joint to resist slip at working loads. Nevertheless, 
the design of riveted joints is invariably based on the premise that 
the load is transferred from one member to another by means of direct 
shear on the rivets. By using high tensi le bolts as fasteners one may 
obtain very large clamping forces. This makes it possible to design 
bolted joints in which the entire working load is carried by means of 
friction. 
OBJECT AND SCOPE OF INVESTIGATION 
Numerous individual studies have been made to determine the 
general characteristics of the joints under a variety of conditions. 
The bol ts, because of their importance in this problem, have been studied 
by themselves as well as in the joints. Cal ibration tests, tensile tests, 
and torque tests have all been conducted on the bolts in order to furnish 
information that wi 11 permit thei r use to greatest advantage. 
In the evaluation of joints, both static and fatigue tests have 
been included. The load-sl ip characteristics were studied in the static 
tests to evaluate the effects of the principal parameters that affect 
this behavior. In the fatigue tests, the behavior of both the bolts and 
the connected plates were studied under various loading conditions. 
SUMMARY OF RESULTS AND CONCLUSIONS 
The results of the tests may be briefly summarized as follows: 
Static Tests 
1. The bolt tensions appear to have very little effect on the 
ultimate strength of bolted joints. However, the load-
sl ip characteristics of the joints are greatly affected by 
the axial tension in the bolts. In general, when the bolt 
tension is at least 85 percent of the elastic proof load, 
in joints where rivets are replaced by bolts, slip does 
not occur unti I stresses in the plate are reached about 
equal to or slightly greater than normal working stresses. 
2. Tests of two-bolt and three-bolt lap joints and two-
bolt butt joints indicate that the type of joint has 1 ittle 
effect on the ultimate strength. 
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3. Based on the ultimate tensi le strengths obtained in the 
static tests, it appears that the permissible shearing 
stress might be increased to value approximately 1.25 
times the permissible tensile stress in order to obtain 
a balanced design. If this is done, however, it will be 
necessary also to increase the minimum safe end distance 
now permitted for such joints. Furthermore, sl ip may 
occur at loads below normal working loads unless special 
efforts are taken to prevent slip. 
Fatigue Tests 
1. I n no case was there a fatigue fai lure of the high tens i le 
bolts in the joints, providing there was no slippage of 
the joints during the application of load. This is true in 
spite of the fact that the joints were designed to subject 
the bolts to unusually severe loading conditions. 
2. It is essential that the bolts be torqued up tight, in 
accordance with the current specifications, to obtain 
the greatest benefits from the use of high tensile bolts. 
3. Tests of dupl icate specimens fabricated with rivets and 
bolts demonstrate that the fatigue strength of bolted 
joints, properly assembled, is approximately 25 percent 
greater than that of similar riveted joints. 
These laboratory tests indicate extremely promising results 
for high tensile bolted structural joints under both static and fatigue 
type loadings. 
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2.4.3 "BOLTED CONNECTIONS - RESEARCH" 
by W. H. Munse, ASCE Transactions, Vo1. 121, 1956. 
INTRODUCTION 
Seldom, if ever, has a new structural connector received such 
rapid and widespread acceptance as the high-strength bolt; within a few 
years, the high-strength bolt has moved from the structural research 
laboratory into general acceptance in the field. This acceptance is 
based on the economy as well as the superior behavior obtained in both 
the field and the laboratory. In the field tests, the bolts have been 
used as replacements in connections in which rivets would periodically 
work loose. In the laboratory, a great deal of effort has been ex-
pended in the fundamental behavior of bolted joints and the conditions 
necessary for the most efficient use of the materials in such joints. 
The results of these studies have all been extremely promising. 
The initial impetus for this work came from Professor W. M. 
Wilson in 1938 when he found that high-strength bolts tightened suffi-
ciently to eliminate slip in a structural joint did not fail in fatigue. 
The next step in the development of the high-strenith bolt as a fastener 
did not take place unti 1 1945 when the late Professor G. A. Maney began 
preliminary studies on the problem. In the Spring of 1947, the Research 
Council on Riveted and Bolted Structural Joints was formed and began a 
number of studies at the University of Illinois on joints assembled 
with high-strength bolts. Since then -- through the sponsorship of the 
Research Council on Riveted and Bolted Structural Joints and the 
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cooperation of Northwestern University, Purdue University, the University 
of Washington, the University of Illinois, practicing engineers and the 
structural steel fabricators -- many studies have been made to determine 
the behavior of such joints. 
By 1952 a great many laboratory and field studies had been 
completed and, very appropriately, were described to the engineering 
profession at the Centennial Convocation of the American Society of 
Civi 1 Engineers. These studies included tests of the bolts themselves 
as well as tests of lap joints and butt joints loaded either under 
static conditions or repeated load conditions and in both tension and 
compression. 
In addition to demonstrating the economy and superior qual ity 
of the high-strength bolt, the Research Council has prepared a specifi-
cation entitled, liThe Assembly of Structural Joints Using High Strength 
Steel Bolts,, 1 This specification, adopted in January 1951 and revised 
in February 1954, has been widely accepted by the engineering profes-
sion. 
GENERAL BEHAVIOR OF BOLTE JOINTS 
It has long been known that the working loads on most riveted 
joints are resisted by means of the frictional forces in the connections 
rather than shear on the rivets. Nevertheless, the design of such joints 
is based on the premise that the load is transferred from one portion 
of the member to another by means of direct shear on the rivets. In 
the same manner, a properly assembled joint with high-strength bolts 
resists loads by virtue of the friction between the connected parts. 
53 
By following the procedure recommended by the Research Counci 1, that of 
substituting an equal number of bolts for rivets of the same nominal 
diameter and installing these bolts with an initial tension at least 
as great as 90 percent of the elastic proof load of the bolt material, 
connections are obtained which have properties generally superior to 
those of a simi lar riveted joint. 
To develop the frictional resistance necessary to carry the 
working loads on bolted joints, a high axial tension must be maint~ined 
in the high-strength bolts at all times. To maintain this tension re-
quires the use of hardened washe.s under both the head and nut of the 
bolt. With the hardened washers and a high initial tension, it has been 
found, both in the laboratory and field tests, that the bolts remain 
tight and the joints rigid even under the most severe loading conditions. 
However, it is ncessary that the tension in the bolts be in accordance 
with the recommendations of the Research Counci 1 to obtain this supe-
rior behavior. 
Some engineers have expressed concern over the possibi lity of 
sl ip in a high-strength bolted joint; however, those well acquainted 
with the behavior of such connections believe that this concern is 
unwarranted. Many structural members which are subjected to a stress 
in only one direction under both dead load and 1 ive load conditions 
are erected with the fasteners in bearing In this same direction. 
Consequently, there should be no question of sl ip in these connections. 
However, the frictional resistance of connections which are subjected 
to reversals of stress, must be great enough to prevent sl ip. For this 
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reason, the Research Counci 1 has concentrated a large part of its effort 
on the determination of the conditions ncessary to inhibit sl ip in a 
bolted structural joint, and in the preparation of a specification that 
will insure that these conditions are met. 
It can be shown that, for a bolted joint of balanced design 
and an apparent coefficient of friction of 0.25, the stress in the mem-
ber at slip is equal to approximately one third the unit axial tension 
on the nominal area of the bolts. Thus, a tension of approximately 
54,000 psi would be required in the bolts to eliminate sl ip in a joint 
stressed to 18,000 psi on the net section of the connection. An axial 
tensile stress of this magnitude can be obtained readi 1y in high-strength 
bolts which meet ASTM Designation A-325, in fact it corresponds to only 
about 84 percent of the elastic proof load of the bolts. In addition, 
any reduction of the bo1t-sh~ar to plate-tension ratio, necessitating 
more or larger bolts, or increase of the coefficient of friction over 
the minimum of 0.25 considered above will increase the frictional re-
sistance of a joint. Therefore, bolted structural joints which are 
assembled properly can be expected to perform at stresses at least 
as great as the normal working stresses without sl ipping into bearing. 
CONCLUSION 
In this discussion one condition stands out strongly as being 
essential if the connections which are assembled with high-strength bolts 
are to be as efficient and economical as possible: The bolts must have 
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a high initial tension. This tension must be as high as practicable 
for the greatest resistance to static and fatigue loadings whether the 
loads are appl ied as shear loads or tensile loads. 
It is bel ieved that connections 3ssembled with high-strength 
-steel bolts wi 11 perform as well or better than comparable riveted joints, 
providing the bolted joints are assembled in accordance with the recom-
mendations of the Research Counci 1 on Riveted and Boited Structural 
Joints. 
If the bolts are to resist direct tension loads, beveled 
washers should be used where bending of the bolts would otherwise occ~r. 
2.4.4 llA STUDY OF THE BEHAVIOR OF LARGE L-SECTION CONNECTIONS ll 
by J. R. Fuller, R. F. Leahey, and W. H. Munse, ASCE Pro-
ceedings, Separate 659, April 1955. 
OBJECT AND SCOPE OF INVESTIGATION 
With the advent of the high-strength steel bolt as a means of 
fabricating steel structures, a number of new problems arose. The holes 
in bolted connections are normally 1/16 inch larger than the nominal 
size of the bolts, whi 1e in riveted connections the driven rivets are 
assumed to fill the holes. Therefore, the manner in whi.ch the load is 
transmitted through a long structurai connection fastened with high 
strength bolts may differ considerabley from that in a simi lar riveted 
joint. 
Beveled washers are now required for bolted connections of 
s~andard I-sections. However, a saving in fabrication cost~ would be 
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real ized if the beveled washer could be el iminated. Thus, this study 
was planned to determine the manner in which the load is resisted at 
the critical sections of the i-beam connections as well as to study the 
effect of the type of fastener upon the behavior of each member and its 
connections. 
The tests deal with the fundamental behavior of several large 
structural truss-type I-section tension connections fabricated with 
either rivets or high-strength steel bolts. 
Three specimens were tested; one was fabricated with hot-driven 
rivets while the other two were bolted. One of the bolted specimens 
was assembled with hardened beveled washers against the sloping faces 
of the I-beam flanges to provide parallel bearing surfaces for the bolts, 
and the other was fabricated with only hardened flat washers under each 
nut and bolt head. This permitted the bolt shanks to bend as the fast-
eners were tensioned. 
A study was made of the distribution of stresses across the 
critical section in the wegs of the I-section members. This makes it 
possible to estimate the effectiveness of the component parts of each 
I-section in resisting the applied load. 
RESULTS 
The behavior of the three specimens differed somewhat in the 
early stages of the tests. At the small loads, before local yielding 
or sl ip occurred, the effectiveness of~the webs appeared to depend on 
the type of fastener used in the connection. In the web of the spec-
imen with rivets, the strain gradient across the section was more 
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uniform than for the bolted specimens and, as a result, the web was more 
effective in resisting the appl ied loads than in the case of the other 
two specimens. The bolts in the specimen with beveled washers, appear-
ed to distribute the load more uniformly than did the bolts in the spec-
imen with plain washers. 
Beyond 300,000 lb. the webs of the three members appeared to 
act somewhat al ike but, at times, were quite erratic in the bolted mem-
bers because of the sl ip in the joints. When the toes of the I-section 
began to yield, a greater share of the total load was resisted by the 
web of each specimen. This, of course, produced an increase in the web 
effectiveness. Then, as general yielding progressed through the flanges, 
the webs became increasingly more effective unti 1 work-hardening on 
the flanges on the flanges began. As work-hardening progressed across 
the webs, the effectiveness of the webs appeared to decrease. 
EFFECTIVENESS OF WEBS AT FAILURE 
When the test specimens fai led the fracture occurred through 
the net section of only one of the two joints in the members. If it is 
assumed that fai lure in the other joint was incipient, an approximation 
of the effectiveness of the parts of the I-section at failure can be 
obtained from the properties of the material at the critical section of 
the unfractured joint. 
The properties of these intact joints were studied by means 
of llretest11 coupons which were cut from the critical section (first 
transverse row of fasteners). Seven of these retest coupons were taken 
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from the web at the first transverse row of fasteners of each of the 
three specimens. These coupons were tested using a 2 inch high sensi-
tivity extensometer to determine accurately the "break" (defined here 
as the yield strength) in the stress-strain curves for these retest 
coupons. 
When the original coupons from the I-section material were 
tested, the actual least cross-sectional areas were determined at each 
load increment. From these data the "true stress" (based on the actual 
coupon area), were ascertained. By comparing both the original true 
stress-strain curves and the stress-strain curves of the "retest" 
coupons, it was possible to determine approximately the effectiveness 
of the webs when fai lure occurred. 
GENERAL OBSERVATIONS 
The limited tests in this study lead to the fol lowing conclu-
sions for the behavior of I-beam tension connections. 
1. The principal difference in the behavior of the bolted 
joints with or without 1:6 beveled washers was in the 
manner in which the joints slipped into bearing. The 
joints assembled with beveled washers appeared to slip 
into full bearing at loads which were quite consistent 
and much above the normal working loads, whi le the joints 
with only flat washers requi red the same load in one case 
and a load considerably greater in the second joint to 
pu 11 the connect i on into bear i ng. Thus, the re may be 
advantages, other than the reduction in cost, to assembl-
ing joints without beveled washers. However, further 
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testing is necessary to demonstrate whether the beveled 
washers are necessary under other conditions than the 
few considered in these tests. 
2. The distribution of strains through the sections were 
not greatly affected by the variation in the type of fast-
eners. In the early stages of the tests, however, the 
rivets did appear to provide a somewhat more uniform dis-
tribution of stress throughout the web than did the bolts, 
and the bolts with the beveled washers appeared to give a 
I ittle more uniform distribution than did the bolts with 
the plain washers. 
3. The strength of the bolted joints of this study appeared 
to depend upon the minimum ultimate tensi Ie coupon strength 
of the material. The material of minimum ultimate strength 
in an I-section wi I I generally be located at the junction 
of the web and flanges. 
4. Although the flanges in these truss-type connections deve-
loped most of the strength in the available material, 
the reduced efficiency of the web material resulted in 
test efficiencies which were approximately 10 percent less 
than the theoretical (net section) efficiencies. 
Although many questions have been answered by these few tests, 
it would seem desi rable to pursue further the studies developed in this 
investigation concerning the efficiency of the components of structural 
members and shapes. Such studies might well pursue such questions as: 
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1. What is the effect of the web depth-to-thickness ratio 
and the ratio of the web-to-flange area on the web effec 
tiveness and efficiency of an I-section? 
2. What effect does the web have upon the efficiency of a 
flange? 
3. How do the mechanical properties of the material affect 
the web efficiency? 
4. How do the efficiencies of wide-flange and standard i-
sections differ? 
There are but a few of the many remaining questions that might 
be asked about the efficiency of truss-type members. 
2.4.5 "STRENGTH OF RIVETS AND BOLTS IN TENSION" 
by W. H. Munse, K.·, S. Peterson, and E. Chesson, ASCE Trans-
actions, Part II, Vol. 126, 1961. 
OBJECT AND SCOPE OF INVESTIGATION 
Whether rivets and bolts should be permitted to carry loads in 
direct tension has been discussed by engineers (7) for many years and, on 
occasion, some have strongly objected to their use in this manner. Even 
today, a few of our design specifications prohibit the use of structural 
connections which are subjected to di rect tensi le loads. And yet, from 
time to time, experimental studies have been conducted which demonstrates 
the abi 1 ity of rivets and bolts to carry such loads effectively. 
In an earl ier study reported by Leahey and Munse, (20) a number 
of tests were conducted to determine the behavior of rivets and high-
strength bolts loaded in direct tension by means of a structural Tee-
connection, such as may be found in some heavy wind bracing connections, 
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crane hangers, etc. Leahey studied the behavior, under static and fatigue 
loads, of this Tee-type connection when assembled with two 1 ines of 
fasteners, i.e., one line on each side of the web of the Tee. His study 
inc1uded such variables as the initial tension in the bolts, the spacing 
of the bolts, and the use of inci ined bearing surfaces under the heads 
of the bolts. 
Although Leahey's tests answered a number of questions concerning 
the behavior of connections with high-strength bolts when loaded in ten-
sion, many other problems still required study. Attention has been given 
to some of these factors in the tests reported herein. The flexibil ity 
of the members, the grip of the fasteners, and effectiveness of the fas-
teners in members fabricated from wide-flange sections and assembled with 
two or four 1 ines of fasteners have been examined. 
CONCLUSIONS 
1. The efficiency of a tensi le joint of the type tested in 
this investigation is the same whether assembled with bolts 
furnished to ASTM A325 specifications or rivets purchased 
to ASTM A14l specifications. However, the bolted members 
carried, on the average, about 14 percent more load. 
2. Members with eight fasteners in four 1 ines are generally 
less efficient, but are stronger than simi lar members 
with four fasteners in two 1 ines. 
3. The stiffness of the flanges affected the efficiency of 
the members (a range of efficiency of 30 percent was ob-
tained for the specimens tested). In one instance, it 
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was found that an increase in flange thickness from 0.90 
to 1.32 in. provided as great an increase in strength as 
did the addition of two outer 1 ines of bolts. 
4. Inclusion of a fi 1 1 plate between the flanges of this type 
of connection will have only a sl ight effect upon the 
efficiency (about 4 percent increase for these tests). 
5. Small changes in flange width were of 1 ittle consequence 
in these tests. 
6. Prestress as low as 0.1 elastic proof load in the bolts 
in the inner two 1 ines of a specimen with four 1 ines of 
fasteners will have almost no effect on the strength or 
efficiency of the member. 
2.4.6 IIBEHAVIOR OF RIVETED AND BOLTED BEAM-TO-COLUMN CONNECTIONS I1 
INTRODUCTION 
by W. H. Munse, W. G. Bell, and E. Chesson, ASCE Transactions, 
Part II, Vol. 126,1961. 
In the last few years, the ASTM A325 high-strength bolt has 
become widely accepted as a fastener for the assembly of structural joints. 
Most specifications for the design of steel structures now permit the 
use of high-strength bolts in lieu of rivets of the same diameter. 
One of the most important features of the heat-treated high-
strength bolt is the high clamping force developed in the bolt when 
it is properly tightened. This high tension, generally about twice 
the maximum developed by rivets as a result of shrinkage during cooling, 
insures the permanent tightness and soundness of bolted structural joints. 
In addi tion, since the clamping force of the bolts does not depend upon 
shrinkage, it is possible to consistently develop the same clamping 
force with any length of bolt. 
High-strength bolts are weI I adapted to the field assembly of 
structural connections for a number of reasons, some of which are as 
fol lows: 
I. The installation of the bolts requires no heating equip-
ment and, thus, fi re hazards are el iminated, 
2. Bolting crews can be trained qulckly since the equipment 
requfred to instal I the bolts is simple to operate, 
3. The bolts are especially economical where it becomes neces-
sary to replace a small number of loose rivets, 
4. Bolts may be instal led with either power or hand operated 
tools, and 
5. Field erection costs are often lower then A325 bolts are 
used in I ieu of field rivets. 
Consequentiy, bolts have become competitive with rivets and often replace 
them for the field assembly of structural connections. 
OBJECT AND SCOPE OF INVESTIGATION 
The use of high-strength bolts for the field erection of struc-
tures may result in the assembly of many beam-to-column connections with 
a combination of rivets and bolts. Although data on the behavior of all-
riveted beam-to-column connections are available, few tests have been 
performed on connections containing both rivets and bolts. Three of the 
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four specimens tested and reported herein were assembled with a combina-
tion of rivets and bolts to provide data on the behavior of such connec-
tions. A fourth specimen was assembled entirely with rivets to provide 
a direct comparison of the moment-rotation characteristics and the gen-
eral behavior of connections using the two methods of assembly. All 
of the test specimens were simi lar to an all-riveted specimen previously 
tested by Hechtman and Johnston. (21) 
The flexible beam-to-column connection, which is designed to 
resist only vertical loads, is probably the one most frequently used in 
bui lding construction. To facil itate design, many of these connections 
have been standardized. These "standard connections ll and the correspond-
ing beam reactions for which they may be used are found in the AISC Hand-
book of Steel Construction. (22) Although assumed to be simple, these 
connections do provide some restraint at the ends of the beam and, under 
normal loading conditions, are subjected to both shear and moment. 
The tests provide information on the effect of several ratios 
of moment-to-shear upon the general behavior of one type and size of 
flexible beam-to-column connection. The studies include an evaluation 
of the moment-rotation characteristics, the moment-resisting capacity, 
the type and location of failure, the sl ip and shear deformation, the 
position of the center or rotation of the connections, the deformation 
of the column flanges, and the deformation of the fasteners. 
SUMMARY OF RESULTS 
The results of the tests may be summarized briefly as follows: 
1. The standard (flexible) K-4 connection, which is assumed 
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for design purposes to behave as a simple connection, 
provides some restraint against rotation (about 10 percent 
fix i t y wit hal 8w F 5 0 a two r kin g 5 t res s e s) . 
2. The moment-rotation characteristics of the riveted and the 
bolted connections were very simi lor. The three bolted 
connections, although subjected to loads producing differ-
ent moment-shear ratios, all gave the same general rela-
tionship between moment and rotation. 
3. The rotation of the connections resulted primari ly from 
the deformation of the angles. The elongation of the 
fasteners, the deformation of the column and the sl ip be-
tween the connected parts had only a negl igible effect on 
the rotation. 
4. The use of high-strength bolts in lieu of rivets to fas-
ten the connection angles to the column flanges increased 
sl ightly the restraint provided by the test connections. 
5. The point about which the connections seemed to rotate 
during the tests moved from an initial position near the 
mid-depth of the beam toward the compression side of the 
connections. 
6. The test connections were subjected to bending moment and 
shear. However, the deformation and subsequent tearing 
fai lure of the connection angles resulted primarily from 
the bending moment; the effects of shear deformation were 
sma 11. 
7. The test connections fai led by tearing of the angles 
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without rupture of the fasteners, even though, in one case, 
the applied load reached a value nearly three times as 
great as the allowable design load for the connections. 
This tearing initiated at depressions which had been 
created during the shearing operations. 
8. The rivets, which fastened the connection angles to the 
column flanges, experienced permanent elongation at a 
lower connection moment than did the high-strength bolts. 
2.4.7 'lRIVETED AND BOLTED JOINTS: FATIGUE OF BOLTED STRUCTURAL 
CONNECT I ONS II 
by C. W. Lewitt, E. Chesson, and W. H. Munse, ASCE Structural 
Division Jounral, STI, Vol. 89, February 1963. 
INTRODUCTION 
Slowly propagating crystall ine fractures in metal structures 
have been observed and recorded by engineers for more than 100 years. (7) 
This type of fai lure is not the result of a single overload, but, instead, 
it is related to many repetitions of a load equal to or less than that 
used in the design. Early engineers and metallurgists termed these 
'Ifatigue
" 
failures, a somewhat inappropriate but now common name for 
such progressive fai lures under repeated loadings. 
Since 1900, and particularly since the 1930 1 s, there have been 
a number of developments that require consideration in design against 
fatigue: 
1. New means of transportation, new methods of propulsion, 
and higher speeds have been introduced; 
2. New metals, some of which may be of higher strength, have 
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become avai lable; 
3. Manufacture and fabrication of steel structures have been 
improved; 
4. Advanced techniques of analysis have been developed; and 
5. Better predictions of loads and loadings have become possible. 
The new materials and analyses have provided a tendency toward the use 
of lower nominal factors of safety. Consequently, considerable fatigue 
research has been necessary to serve as a basis for the formulation of 
design recommendations that will reduce the possibil ity and occurrence 
of fatigue fai lures. 
Fatigue is not a factor in most bui ldings or in the main members 
of most long-span bridges or similar structures. However, a large number 
of other structures or parts of them that are subjected to moving or 
dynamic loadings require that an al lowance be made for these repeated 
loadings. Design specifications genera11y provide for fatigue by reducing 
the permissible design stress for certain specified loading conditions, 
for certain types of material and detai Is, and for certain locations in 
the structures. 
OBJECT AND SCOPE OF INVESTIGATION 
Particular attention wi 1 1 be given to the fatigue behavior of 
various types of bolted structural members and connections that are re-
presentative of those found in bridges and bui ldings. The principal 
conclusions, however, would be equally appl icable to comparable connec-
tions in other types of bolted structures that are subject to repeated 
loadings. In addition, the results from recent fatigue tests on joints 
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assembled without hardened washers are reported. It is expected that, 
as a result of the tests and the analysis presented, further changes 
can be made and greater economies can be effected in steel structures 
through the use of high-strength bolts. 
STRUCTURAL USE OF HIGH-STRENGTH BOLTS 
Many of the fatigue fai lures noted in members of rai lway 
bridges have occurred at the riveted joints in the hangers, (23) the 
fracture occurring in the net section at the first row of fasteners. 
After a rather extensive investigation of some of these fai lures, it 
was concluded that the low clamping force in the rivets was a primary 
factor and that this low clamping might be the result of poor fit-up 
of the joints during riveting, faulty driving of the rivets, or loosen-
ing of the rivets during service. Similar fai lures have occurred in 
ore b 'd (24) rl ges. 
In order to produce higher and more consistent calmping forces 
in structural fasteners, the possibi lity of using high-strength bolts 
was considered in the 1930 1 5. Work in England by C. Batho and E. H. 
(25 26) Bateman ' on a bolt of higher strength than the common bolt (but 
not as strong as the present A325 bolt) showed that the higher strength 
bolt provided satisfactory behavior under static loading conditions. 
Torque was recognized as a method of determining approximately the bolt 
tightness, and a torque wrench was designed for use in installing those 
bo1 ts. I t was not unti 1 1938, when W. M. Wi 1son reported several fatigue 
tests(27) with varying initial bolt tension, that the superior fatigue 
resistance of connections with high-strength bolts became apparent. 
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CONCLUSIONS 
Advances in high-strength bolting in the past 15 years have 
been responsible for many changes in the fabrication of steel structures. 
These changes have resulted in economies in fabrication and, at the same 
time, have increased the fatigue strength of structural joints. The 
fol lowing statements summarize the results of the studies that can be 
expected to lead to further specification changes for high-strength 
bolting: 
1. Test results indicate that hardened washers generally have 
no significant effect on the fatigue strength of a bolted 
shear-type connection when properly assembled; therefore, 
it is appropriate to drop the requirement for hardened 
washers in the bolt assembly when the bolts are properly 
tightened by a turn-of-the-nut method against parallel 
(and square) surfaces in either bearing-type or friction-
type joints. 
2. The 1962 requirement of the AASHO and AREA Specifications 
for connections subject to stress reversal appears overly 
conservative for connections using high-strength bolts. 
An adequate factor of safety against sl ip and against 
fatigue can be obtained by requiring sufficient high-
strength bolts to resist the maximum load, plus 50% of 
the minimum load -- the same basis for design as currently 
required for members subjected to reversal. This could 
lead to a reduction of up to 25 percent in the number of 
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fasteners in a joint subject to full reversal. 
3. The fatigue strength (based on the gross area of the mem-
ber) of joints assembled with high-strength bolts is known 
to increase somewhat with an increase in the strength of 
the plate materials. This increase in fatigue strength is 
equal to or greater than that obtained with transverse 
butt welds under zero-to-tension loadings, and is substan-
tially greater than the fatigue strength of riveted mem-
bers. Because of this superiority in fatigue of the high-
strength bolt over the rivet, it would appear desirable 
to make connections in structures subject to fatigue 
loadings with high-strength bolts, rather than with rivets. 
2.4.8 "EQUIPMENT FOR RESEARCH ON RIVETED JOINTS·· 
by. E. Chesson, Jr., RILEM Bulletin No. 22, March 1964. 
INTRODUCTION 
As is true in all research labs, the staff at the University 
of Illinois have employed the usual direct reading mechanical dial gages, 
micrometers, electric resistance strain gages, photoelastic and brittle 
coatings, and other commercially avai lable devices for strain, stress 
and deformation measurements. Ingenious techniques of mounting, re-
cording, and analyzing the data have, of course, been developed also. 
Since fastener tension and fastener elongation are often good 
indexes of certain joint behaviors, considerable effort has been direc-
tec to measuring these quantities. Prior to the availabi lity of 
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commercially produced hydraulic bolt cal ibrators various load cells were 
devised. A simple hollow cylinder with strain gages to record axial 
load produced by the bolt tightened in the hole is common. More versa-
ti 1e was a pai r of nest ing hollow steel cyl i nders whi ch permi tted measure-
emnt of axial bolt tension and residual bolt torque. 
2.4.9 "HIGH-STRENGTH STRUCTURAL BOLTS VS RIVETS" 
by E. Chesson, Jr., Building Research, July-August 1964. 
INTRODUCTION 
Rivets were the principal fasteners in the early days of iron 
and steel, but occasionally steel bolts were used in structures and in 
mechanical equipment. The Research Counci 1 on Riveted and Bolted Struc-
tural Joints, which was organized in 1947 to explore the possibi lities 
offered by high-strength bolts, issued its first specification in 1951. 
From that date on, there was rapid acceptance of fastening by bolts. 
Manufacturing of rivets is inexpensive, but the cost of in-
stallation is high. Skilled men, using special equipment, are required 
and field riveting is slow and rugged work., In large part, it was the 
shortage of field riveters that led to rapid acceptance of the high-
strength bolt. On the other hand, the high-strength bolting assembly 
is relatively expensive, but advantages of installation offset this 
higher initial cost. 
High-strength structural bolts were first introduced as a one-
for-one replacement for Al4l rivets, despite higher strength properties. 
Economic advantages of high-strength bolting, even on this one-for-one 
basis, are increased tonnage potential for a given labor force and 
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production faci lity, more efficient preassembly preparation and greater 
plant flexibi lity, and additional savings in material and fasteners by 
avoiding "fills" in many connections and eliminating tack welding. 
Depending on the types of construction and the specifications, 
it is now possible to omit one or both of the hardened washers requi red 
earlier, thereby providing further savings in material and labor costs. 
In many cases, especially in bui ldings, it is now permissible to use two 
A325 high-strength bolts for three A14l rivets or one A490 bolt for two 
A14l rivets. The resulting smaller joints further lower the material and 
fabrication costs. 
There is a definite trend to high-strength bolts in the construc-
tion industry, as shown in the 4 1/2 mi 1 lion high-strength bolts in the 
Pan American Bui lding in New York and in the 3 mil lion high-strength bolts 
in the towers of the Verrazano-Narrows Suspension Bridge in New York. 
The c hoi ce 0 f the be s t s t r u c t u r a 1 fa s ten e r for a g i v e n t ask 
involves a number of factors, including appearance, strength, mainten-
ance and fi rst cost. Each appl ication needs careful evaluation. As 
higher strength steels up to yield points of 100,000 psi or more come into 
wider appl ication, it can be predicted that the use of high-strength bolts 
will increase substantially in order to reduce the size and cost of fabri-
cation of the structural connections and to take advantage of the greater 
strength and fatigue resistance of this fastener. 
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2.4.10 "STUDIES OF THE BEHAVIOR OF HIGH-STRENGTH BOLTS AND BOLTED JOINTS ii 
I NTRODUCT ION 
by E. Chesson and W. H. Munse, University of 111 inois Engineering 
Experiment Station Bulletin No. 469, 1964. 
A. Use of High-Strength Bolt Assembl ies 
For a decade after its adoption, the high-strength structural bolt 
assembly included a bolt with a finished hexagon head, a heavy hexagon nut, 
and two hardened washers. Primari ly, the washers served three purposes: 
1. To protect the outer surfaces of the connected material from 
damage or galling as the bolt or nut was torqued or turned; 
2. To assist in maintaining the high clamping force in the bolt 
assembly; and 
3. To provide surfaces of consistent hardness so that fai rly de-
pendable relationships between torque and tension could be 
establ ished for the various bolts and bolt diameters. 
Most of the early methods employed for the development of tension 
in high-strength bolt assembl ies made use of a relationship between applied 
torque and bolt tension. However, recently erectors and engineers developed 
and began using methods of tightening which are independent of any load-
torque relationship. The reason for the change was the desire for a simpler, 
faster, and possibly more accurate means of tightening the bolt assembl ies. 
The objections sometimes offered to the use of torque as a basis for bolt 
load control are: 
J. A lack of dependabi lity (because of differences in thread fit, 
thread cleanl iness, rust, etc.), 
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2. The possible resulting variations in bolt tension through-
out a joint, and 
3. Inefficient use of pneumatic impact wrenches. 
A prel iminary study at the University of III inois (28) and an in-
vestigation conducted by F. P. Drew for the Association of American Rai 1-
roads(29) led to a turn-of-nut method for tightening high-strength bolt 
assembl ies. This method has provided a means of obtaining at least the re-
qui red minimum bolt tension without reI iance upon torque. In the turn-of-
nut method, the bolt is tightened to, or above, the required minimum tension 
by rotating the nut or bolt a prescribed number of turns from either a finger-
tight or a snug position. The "finger-tight" position is that to which the 
nut can be tightened when turned by hand after the joint has been drawn tight 
with fitting-up bolts; usually this has been fol lowed by one complete turn 
(360 deg) of the nut or bolt head. The Iisnug'l position is the point in the 
tightening at which a pneumatic impact wrench ceases to run freely and the 
impact mechanism begins to operate, or the tightness attained by the full 
effort of a man using an ordinary spud wrench. From the snug position, the 
bolt or nut is usually given approxiamtely a one-half turn (180 deg) to 
achieve the fully tightened position. However, joints with warped, heavy, 
or many pI ies of material may requi re that the bolts be touched up by addi-
tional tightening to insure full bolt load in all the fasteners. 
OBJECT AND SCOPE OF INVESTIGATION 
Since the turn-of-nut method does not depend on torque to control 
the bolt tension, the question was raised by structural fabricators and 
erectors as to whether the hardened washers could be el iminated from the bolt 
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assembly. By the same token, would only one washer under the turned element 
be adequate when the torque control or the cal ibrated wrench method is used? 
Three of the questions that must be answered to determine whether 
one or both washers can be omitted from a bolt assembly wi thout any signifi-
cant effect on its abi lity to form a sound and effective connection are as 
fo 11 ows : 
1. Can the requi red clamping force be developed and maintained 
without the hardened washers when a high-strength bolt assembly 
connects several pl ies of structural materials? 
2. Is the relaxation of tension in an assembly wi thout washers 
the same as, or comparable to, that for an assembly with 
washers? And 
3. Wi 11 the deformation and gal ling of the connected material which 
results from the tightening of the nut di rectly against that 
material cause the connection to be any less satisfactory, 
particularly under fatigue loading? 
To answer the first two questions most of the types of nuts com-
monly used in structural work were included in this study of the effects of 
washers on the clamping force in the assembl ies. There were: 
1. A heavy semi-finished hexagon nut, the only type permitted 
prior to 1960 for structural use; 
2. A heavy-thin nut, which is the same dimension across the flats 
as the heavy nut, but is only as thick as the finished-series 
nut; 
3. A finished-series nut which was permitted as an alternate in 
the 1960 Specifications of the Research Counci 1 on Riveted and 
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Bolted Structural Joints; 
4. A finished-thick nut which has the same across-flats dimen-
sions as a finished nut, but is as thick as a heavy nut; and 
5. A flanged nut which has the same across-flats dimensions as 
the heavy nut, .but also has an integral washer on one face. 
Also included in the tests were two types of bolt heads: the regular se~i­
finished hexagon head which has been specified in the past and a heavy 
semi-finished hexagon head which was approved as an alternate in the 1960 
Specifications of the Research Council and became the standard bolt in 
the 1963 Counci 1 Specifications. 
The program included a large number of tests of single assemblies 
which are referred to as relaxation tests, wherein a determination was 
made of the variation in bolt tension with time using a strain gage load 
cell within the grip. The variables in the relaxation tests included the 
type of nut, bolt head size, bolt strength, hole size, hole preparation, 
and the effect of lubrication. In some of the relaxation tests, the assem-
bl ies were tightened by turning the bolt rather than the nut. 
Other tests were performed with the strain gage load cell and 
with a commercial hydraul ic load cell to determine the turns necessary to 
properly tighten the assemblies when one or both outer surfaces have a 5 
percent slope relative to the plane perpendicular to the bolt axis. Variables 
in the tests included the use of washers, relative directions of sloping sur-
faces, position of bolt, bolt hardness, method of tightening, and bolt size. 
The third question to be answered concerning elimination of washers 
involved 21 fatigue tests. The variables employed were type of nut, type 
of bolt head, hole size, location of the critical plate (inner or outer 
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plates of a three plate specimen), elerr,ent tightened (the bol t or the nut), 
bolt tension, and bolt diameter. These fatigue specimens were four-bolt, 
double-lap, shear-type joints. 
Based on these and other studies recently performed at the University 
of Illinois, as we11 as at other schools, the Specifications of the Research 
Council were.revised early in 1964. 
CONCLUSIONS 
On the basis of the tests reported, it may be concluded that: 
1. Joints properly assembled with high-strength bol ts and no 
washers can be expected to perform :n about the same manner as 
those assembled wi th washers. 
2. Bolt assemblies without washers may be expected to develop very 
nearly the same tensions as assemblies with washers when tight-
ened by the turn-of-nut method. In the case of oversized holes, 
up to 1/8 in. greater in diameter than the bolt, there may be 
some reduction in bolt tensjon when washers are omitted and when 
finished hex head bolts and nuts are used, but the clamping 
force wi 1 1 sti 1 1 be in excess of the A325 proof load. There is 
no significant difference in the amount of bolt tension lost 
with time between specimens with washers and those without washers. 
Based on the tests reported it appears that A325 and A354 BC and BO 
(or the A490) bolts may be compared as follows: 
1. Both types of bolts have a torqued strength of about 85 percent 
of the tensi le strength. The same approximate torque-tension 
relationship, T = O.2PO, holds for both types when hardened 
washers are provided at the turning surface. 
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2. Reducing the number of threads in the grip (going from old 
th read 1 eng ths to new th read 1 eng ths) increases max i mum bo 1 t 
load at failure, but decreases the number of turns to fai l-
ure in both A325 and A354 bolts. 
3. The A354 bolt (particularly grade BO) requires more turns 
to reach its proof load than does the A325 bolt. This then 
reduces the factor of safety against twist-off. With few 
threads in the grip the A325 bolt may have a reserve of one 
full turn beyond proof load whi le the A354 bolt may have a 
reserve of 1 ittle more than two-thirds turn beyond proof 
load, even though the total turns to fai lure from snug may 
be approximately one and one-half for both types of bolts. 
4. Hardened washers appear desi rable under the head and nut of 
the A354 BO(A490) bolts to reduce contact pressures and to 
provide proof load with slightly fewer turns, especial ly 
when the connected parts are of mi Id steel. 
5. Relaxation behaviors of the A325 and A354 BO bolts are simi-
lar and show losses of about 5 percent from the one minute 
load over a period of 90 days. Much of this loss occurs in 
the first few minutes and most of the balance in a few days. 
6. Behaviors of the A325 and A354 bolts under combined tension 
and shear are simi lar although the shear strength does not 
increase quite as rapidly as the tensi le strength when the 
bolt strength is increased from that of the A325 to that of 
the A354 bo 1 t. 
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7. There are numerous simi larities in the behaviors of A325 bolts 
of highest hardnesses and A354 bolts. 
The inclusion of surfaces with a 1 to 20 slope in the grip re-
quires additional turning to insure optimum tension with the turn-of-nut 
method. If snug plus 1/2 turn is used, no additional rotation is necessary 
for one beveled surface (although the resulting load may be near the minimum 
specified); however, with beveled surfaces under both the head and nut, 
additional rotation should be used -- for example, snug plus three-quarters 
turn (270 deg). 
On the basis of the tests reported, the following conclusions may 
be drawn regarding the fatigue behavior of shear-type bolted joints assembled 
without washers: 
1. There was no significant reduction in the fatigue lives of 
bolted joints as a result of omitting the washers from the bolt 
assembl ies, provided the fasteners were tightened to at least 
the currently specified minimum bolt tensions. Although there 
was some gal ling of the plates when nuts were turned di rectly 
against them, this gal ling did not have a noticeable effect on 
the fatigue 1 ives of the joints. 
2. The major portion of the loss in bolt tension during the fatigue 
1 ife of a specimen tends to occur in the fi rst few cycles of 
loading. This loss in bolt tension appears to be simi lar whether 
hardened washers are used or omitted. 
It should be noted that these last conclusions are based on joints 
that slipped into bearing, as well as those that did not; on joints with 
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extremely severe combinations of hole size, fastener head size, and nut 
size; and in many cases on joints assembled with minimum allowable 
clamping in the high-strength bolts. Thus, these conclusions appear to 
be, a pnio~, safely appl ied to connections with less severe conditions. 
2.4.11 "BOLTED BRIDGE BEHAVIOR DURING ERECTION AND SERVICE" 
INTORDUCTION 
by E. Chesson, Jr., ASCE Structural Division Journal, 
ST3, Vol. 91, June 1965. 
The extensive use of high-strength bolts since 1950 has radically 
affected structural steel fabrication and, especially, field erection. 
These bolts are usually placed in holes that are nominally 1/16 in. larger 
than the bolt diameter. Thus, when high-strength bolts began to be widely 
used, some engineers raised the question: Wi 1 1 this hole clearance per-
mit joint slip to occur? Such sl ip, should it occur, would initially 
affect structural al ignment and camber and might lead to cracking or sim;-
lar problems in floors and other parts of a structure. Under vibrations 
or dynamic loads (as in bridges, cranes, etc.), and especially where these 
fluctuating loads might be reversed in direction, any potential slip would 
be an important consideration, affecting actual serviceabi lity and fatigue 
1 i fe as we 1 1. I t has been accep ted for some yea rs tha t a we 11- riveted 
connection may actually sl ip a few thousandths of an inch under load, but 
the potential sl ip in a bolted joint with perfectly matched holes and 
hex-head high-strength bolts could be perhaps ten to twenty times greater. 
Experience with high-strength bolts, installed in the place of 
rivets that had continually worked loose, showed that properly instal led 
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high-strength bolts remained tight. Other than those findings, 1 ittle 
information actually existed on the behavior of high-strength bolted con-
nections that had been subjected to normal service loadings. Although 
laboratory studies indicated the extremely low probabi lity of sl ip in 
bolted joints under service conditions, this question warranted further 
exploration. 
OBJECT AND SCOPE OF INVESTIGATION 
Early in 1958, it was noted that the New York Central Rai 1 road 
Company was planning a single track, bolted rai lway bridge in the vicinity 
of Chicago. Because of the proximity of the fabrication and the erection 
si tes to the University of Illinois at Urbana, and to the Association of 
American Rai 1 roads Research Center, Chicago, Illinois, this structure 
~ provided an excel lent opportunity to study the behavior of a bridge truss 
during the stages of assembly, erection and service. A cooperative study 
was planned and the following were to be investigated: 
1. Whether movement or sl ip of the joints occurred during 
erection and service; and 
2. Whether changes developed in the camber after erection 
and during service. 
The 310 ft bridge studied in this investigation was designed 
with ten panel Warren trusses, having verticals and polygonal upper chords. 
Approach spans of 68 ft plate girders were used at both ends of the truss 
span. These single track railroad bridges were designed for Cooper1s E-72 
live loads. The crossing is designated as Michigan Central Railroad 
Bridge No. 45, and is located over the Little Calumet River in III inois, 
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approximately 1-1/2 mi les due south of the east shore of Lake Calumet. 
In this area, the rai lroad runs approximately east and west at a point 
where the Little Calumet River has a rather sharp bend. This bridge 
replaced an old swin span, and provided additional horizontal and verti-
cal clearances for river traffic at the bend. The ends of the members 
were masked to prevent shop painting in the region of the bolted connec-
tions. These joint surfaces were lightly rusted, generally. 
At the time of shop assembly of the two trusses, the calculated 
camber for these trusses, which provided the dead load plus one-half 1 ive 
load, was introduced prior to reaming. This camber resulted in a re-
quirement by the designers for a midspan camber of 2 in. The actual cam-
ber ordinates of the south truss (on which all measurements of this study 
were made) were measured by the fabricator at the time of shop assembly. 
CON CLUS IONS 
The movements at the connections of a railway bridge were ob-
served over 3 1/2 yr. during erection and service. Based on these measure-
ments, the fol lowing conclusions are presented: 
1. The joint movements occurring between shop assembly and 
final field erection were rarely as large at 1/8 in. and 
averaged less than 1/32 in. (erection movements of this 
magnitude are to be expected on such a structure); 
2. The joint movements measured over 3 yr of service aver-
aged only 0.002 in. and were so small that, in all proba-
bi 1 ity, operator technique, equipment limitations, and 
field conditions could account for the apparent movements; 
3. The effect of erection movements on the computed change in 
bridge camber was small, because such movements were of 
random magnitude and direction and did not always coincide 
with the direction of dead load stressing; 
4. The effect of measured service movements on computed change 
in bridge camber was trivial (the calculated change in 
midspan deflection was less than 0.02 in.); and 
5. The joints of this bridge, assembled wi th high-strength 
bolts, did not show slip under the service loadings. 
2.4.12 "HIGH-STRENGTH BOLTS SUBJECTED TO TENSION AND SHEAR" 
I NTRODUCT ION 
by E. Chesson, Jr., N. L. Faustino, and W. H. Munse, ASCE 
Structural Division Journal, ST 5, Vol. 91, October 1965. 
During the past decade, the high-strength bolt has continually 
gained acceptance as a structural fastener in both shop and field assembly 
of structural members for bridges and bui ldings. Although the structural 
rivet is still in common use in the shop, for economic as well as for 
structural reasons the rivet is gradually being replaced by the high-
strength bolt, particularly in the field. 
The fasteners of beam-to-column connections and connections 
of stringers to floor beams are often designed for shear loads only. How-
ever it is obvious that the loading of these connections is such that some 
of the fasteners may be subject to both tension and shear. Such combined 
effects are also typical of the stresses to which wind-bracing fasteners 
may be subjected. Thus, it is necessary that information be avai lable 
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on the strength and behavior characteristics of high-strength bolts 
and rivets that are subjected to combined tension and shear. 
At the time of the tests reported herein, there were two types 
of high-strength bolts permitted in the erection of steel for bui ldings; 
those meeting the requirements of American Society of Testing Materials 
(ASTM) Designation: A325-61T (material of medium carbon steel; yield 
point of from 77,000 psi to 88,000 psi and from 105,000 psi to 120,000 
psi ultimate strength, depending on bolt diameter) and those meeting the 
requi rements ASTM Designation: A354-58T grade Be (material of heat-
treated carbon steel; yield point of from 99,000 psi to 109,000 psi and 
from 115,000 psi to 125,000 psi ultimate strength, depending on diameter). 
(Both the A325 and A354 specifications were accepted as standards in 
1964.) 
The abi lity of these bolts to withstand tension, shear, or 
a combination of tension and shear is recognized by the American Insti-
tute of Steel Construction (AISC) whose code(4) specifies an allowable 
working stress in tension of 40,000 psi for A325 bolts and 50,000 psi 
for A354 grade BC bolts. For A325 bolts, the allowable design shear 
stresses are 15,000 psi for friction-type connections (whether threads 
are included or excluded from the shear planes); friction-type connec-
tions are connections in which sl ip between the connected parts cannot 
be tolerated. 
For bearing-type connections when threads are included in the 
shear planes, a stress of 15,000 psi may be used and a stress of 22,000 
psi is permitted for bearing-type connections when the threads are 
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excluded from the shear planes; bearing-type connections are connections 
in which sl ip between the connected parts wi 1 1 not be of structural 
importance. For A354 grade BC bolts, the maximum allowable design shear 
is 20,000 psi for friction-type connections (whether threads are in-
cluded or excluded from the shear planes) and for bearing-type connections 
when threads are included in the shear plane, but 24,000 psi for bearing-
type connections when the threads are excluded from the shear planes. 
The strength and behavior characteristics of rivets under 
various combinations of tension and shear were investigated by Munse and 
Cox. (30) However, it is reasonable to expect that some difference in 
behavior under combined tension and shear exists between a rivet and a 
bolt; a rivet has an essentially uniform cross section throughout its 
length, whereas a bolt consists of an unthreaded shank plus a threaded 
part. Variations in the strength and behavior characteristics can be 
expected to occur if the shearing plane shifts from the shank to the 
threads and as the combination of tension and shear loading changes. 
OBJECT AND SCOPE OF INVESTIGATION 
The primary objective of the investigation was to define the 
strength and behavior characteristics of single high-strength bolts sub-
jected to various combinations of tension and shear, and to relate those 
results to the strength and behavior of rivets under similar loading. 
Two types of high-strength bolts, A325 and A354 grade BD, were used in 
the investigation. At the time the program was planned, it appeared 
that future specifications would include A325 bolts and also bolts with 
mechanical properties similar to those for the A354 grade BD bolts, 
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rather than for the A354 BC bolts. In March 1964, the Research Counci 1 
on Riveted and Bolted Structural Joints incorporated the new (1964) 
ASTM A490 bolt into its specifications; since the mechanical properties 
of the A354 BD and A490 bolts are so nearly identical, especially for 
the diameters tested in this program, it is possible to apply these data 
and results to A490 bolts as well as to A354 bolts. 
Cert~in other factors that might affect the performance of 
high-strength bolts under combined loadings of tension and shear were 
also included in the test program, namely: 
1. Bolt grip, 
2. Bolt diameter, 
3. Type of bolt (including strength variation), and 
4. Type of material in the blocks gripped by the bolt. 
In addition, particular interest was focused on the difference in behavior 
of a bolt when the loading or shear planes were located at the threads 
or at the full shank. 
SUMMARY AND CONCLUSIONS 
The analysis of the tests on bolts subjected to combined ten-
sion and shear loading on a single plane of failure can be summarized 
as fol lows: 
1. The ultimate strength of bolts with the shear planes through 
the threads was sl ightly more than 80 percent of that for 
bolts with the shear planes through the shank, at T-S Load 
Ratios which were predominantly shear. This value is 
approximately equal to the relative areas at the shank at 
the threads. 
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2. It appears that the maximum strength of a bolt may be 
rea 1 i zed a t a com bin a t ion 0 f ten s ion and she art hat i s 
predominantly tension rather than under pure tension 
loading only. 
3. The effect of the use of different joint (or test block) 
materials on the strength of the bolts under combined 
tension and shear is negligible. 
4. Although the ultimate strength of the A354 BO (or A490) 
bolts is greater than that for the A325 under any T-S load 
combination, the results of these tests show that the 
relative strength of A354 BD (or A490) bolts is sl ightly 
lower than that of A325 bolts. There is a difference 
in relative strength of approximately 7 percent at direct 
shea r. 
5. There is a tendency for the ultimate strength of bolts 
to increase with grip, as the proportion of shear loading 
and the shank bending become predominant. 
6. The effect of bolt diameter on the relative strength of 
the bolts is negligible for usual structural sizes. 
7. The ultimate strength (based on load) of shank-loaded 
A325 bolts may be represented by the ell ipse 
2 
x 2 
+ y 1.0 
For A325 bolts with shear planes through the threads, the 
approximate ell ipse equation is, 
2 
x 
(0.64)2 
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2 
+ y 1.0 
The A354 BO bo1 ts (or A490) type bo1 ts) wi th shear planes 
through the shank are portrayed by the rivet interaction 
curve. 
1.0 
The A354 BO bolts (or A490 type bolts) with. shear planes 
through the threads can be defined by the ell ipse, 
x
2 2 ---~-+ y = 1.0 
(0.55)2 
8. Current specifications provide minimum factors of safety 
against ultimate of approximately 2, in tension, to 3.7, 
in singJe shear through the shank. 
2.4.13 IICAllBRATION TESTS OF A490 HIGH-STRENGTH BOLTS II 
by G. H. Ster1 ing, E. W. J. Troup, E. Chesson, Jr., and J. W. 
F ish e r, AS C ESt r u c t u r a 1 0 i vis ion J 0 urn a 1, S T 5, Vo 1. 9 1 , 
October 1965. 
OBJECT AND SCOPE OF INVESTIGATION 
This investigation was approved by the Research Council on Riveted 
and Bolted Structural Joints in March, 1963. The primary purpose was to 
provide data on the behavior of bolts with higher strength properties 
than for A325 fasteners. Such information was necessary for possible re-
vision (in 1964) of the specifications of the Counci 1. Although the ASTM 
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A354 grade BC bo1t'had been permitted by the 1961 and 1963 editions of 
the specifiaations of the American Institute of Steel Construction, 
it was found that the A354 grade BD bolt offered greater strength at very 
small additional cost and might prove more economical in structures. The 
American Society for Testing and Materials acknowledged the need for a 
structural bolt comparable dimensionally to the ASTM A325 fastener, but 
with material properties similar to those of the ASTM A354 grade BD bolt. 
This new bolt, described in ASTM A490-64T "Quenched and Tempered A1 loy 
Steel Bolts for Structural Steel Joints" (including nuts and plain hardened 
washers), was approved by ASTM in 1964. Because acceptance by ASTM of 
the A490 bolt specification was anticipated, it was necessary to obtain 
the information required for revisions in the specifications of the Research 
Council (which approved revisions in March, 1964, incorporating the A490 
bolt) and the American Institute of Steel Construction, so that designers 
would be able to use the new bolt. 
A second purpose for this study was to determine whether differ-
ent testing procedures used at various laboratories would contribute 
significantly to experimental scatter. This possible variable was checked 
by having the University of Illinois and Lehigh University conduct the 
testing in dupl icate. All bolts, nuts and washers were suppl ied to Lehigh 
University by a well-known manufacturer in sufficient quantities from 
the same lots. At Lehigh, the bolts were identified and selected at ran-
dom so that the III inois would receive half of each lot. Each university 
suppl ied the special equipment for the tests conducted in its laboratory. 
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CONCLUSIONS 
Conclusions of a general nature are presented below. Specific 
values and relationships can be seen from the tables and figures. 
1. Decreasing the amount of thread in grip increased the ulti-
mate strength of a bolt in both direct and torqued tension. 
2. The effect of loading method was quite pronounced. Bolts 
tested in direct tension always gave higher (by approximately 
20 percent) ultimate loads than those from the same lot 
tested in torqued tension. 
3. Bolts tested in torqued tension with 1/8 in. thread in 
grip had less ducti lity and had from 1/4 to 3/8 fewer turns 
to failure than did those tested with 9/16 in. thread in 
gri p. 
4. The load-nut rotation characteristics of bolts tested in a 
solid steel block differed considerably from those of bolts 
tested in the hydraulic calibrator. The hydraulic cali-
brator deformed more under the bolt forces than did the 
solid block. In these tests, the bolts torqued in the 
sol id block reached proof load in just over 1/4 turn from 
I IS n u g I I, wh i 1 e those i n thecal i bra tor re qui red 1 / 2 turn 
or more from the same starting point. 
5. There appears to be some small variation in "softness" or 
flexibility from one hydraulic calibrator to another. 
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6. The 7 8 in. by 9-1/2 in. bolts had a tension approximately 
equal to proof load when torqued to 2/3 turns from snug 
for both 1/8 in. and 9/16 in. thread in grip. If the gripped 
material has more "stiffness" than a hydraulic calibrator, 
proof lead will be attained in fewer turns. 
7. The A490 bolts gave an increase of approximately 20 percent 
in preload over their A325 counterparts when torqued to 
the specified values of 1/2 turn for the short bolts and 
2/3 turn for the long bolts. 
8. No significant differences caused by different testing 
procedures at the two universities were noted. 
2.4.14 "PERFORMANCE OF NUTS ON HIGH STRENGTH BOLTS" 
BACKGROUND 
by E. Chesson, Jr., W. H. Munse, J. G. Viner, and R. L. 
Dinear, Fasteners, Industrial Fasteners Institute, Vol. 21, 
No.3, Winter 1966-67. 
At the time these studies were initiated, normal procedures re-
qui red that heavy series nuts with stripping strengths equal to or greater 
than that required by ASTM A325-55 Specification be used with high-strength 
bolts for structural appl ications.Some engineers believed that satis-
factory connections could be made using nuts with smaller across-flat 
dimensions and possibly a smaller thickness, such as the standard finished 
thick or the finished series nuts. Prel iminary pi lot studies indicated 
that the use of certain finished series nuts with high-strength bolts 
were suitable and that some heavy series nuts, of low hardness, were un-
satisfactory. These results, plus other information, prompted the 
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Research Counci I on Riveted and Bolted Structural Joints to revise its 
1960 specification to permit the use of finished hexagon nuts in struc-
tural joints. 
The two major advantages of using finished thick and finished 
series nuts with reduced dimensions as compared to the heavy series, were: 
I. A smal ler nut could reduce initial cost (if special steels 
or treatments are not required), as well as shipping costs. 
2. Finished and finished thick nuts have the same across-
flat dimensions as the head of regular semi-finished hex 
bolts which permits the use of a single wrench size for 
either the bolt or nut. 
(NOTE: Since the conduct of this study, the A325 high-strength bolt has 
been specified to be a heavy structural bolt.) 
SCOPE 
The behavior of bolted assemblies may vary when tightened to 
fai lure. In some cases fai lure is in tension through the bolt threads; 
in other instances, the threads of the nut and/or of the bolt strip. 
Tensi Ie fai lure of the bolt is easily detected. A stripping fai lure 
usually develops gradually and is difficult to identify since some ten-
sion remains in the bolt, and there is I ittle or no visible damage. 
Therefore, when failure by over-torquing occurs a tensile fai lure of 
the bol t is desi rable. 
Over-torquing may be more of a problem where bolts are installed 
by means of controlled torque or a related method than where bolts are 
instal led by the turn-of-nut method. This is due to the difference in 
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margin of safety between the torque necessary for proper tension or 
pre-load and the maximum torque, as compared to number of turns for 
proper tension and the number of turns to failure. 
Three different hardness levels for each series of nuts were 
requested for the study in an attempt to develop correlations between 
the strength of the assembl ies, the type of failure, and the nut hard-
ness. Two strength levels were specified for the bolts. Some 700 tests 
were performed on 3/4, 7/8, and 1 in. diameter bolts. The nUts were 
tested both individually on a mandrel and as an assembly with a bolt and 
washer. Bolt-nut-assemblies were tightened to failure by both manual 
torquing and pneumatic torquing. 
CONCLUSIONS 
Based on the results of this study with A325-55 bolts, and 
within the range ,of variables considered, the following conclusions may 
be made: 
1. Bolt load at 1/2 turn, and nut stripping strength (torqued), 
increase with an increase in nut hardness andlor bolt 
hardness. 
2. Bolts which are torqued to tensile failure give an average 
maximum bolt tension of approximately 84 percent of the 
tensile strength obtained from direct tension tests. 
3. Nuts which are torqued to stripping fai lures give an 
average maximum bolt tension that wi 1 1 be about 3/4 of the 
stripping strength obtained from mandrel stripping tests. 
4. Use of pneumatic torquing increases somewhat the probabil ity 
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of stripping as compared with manual torquing and tends to 
reduce the bolt load obtained at 1/2 turn from "snug ll , but 
not below the bolt proof load. 
5. High hardness bolts may give tensi le failures at a smaller 
number of nut turns than low hardness bolts. 
6. Some reduction in tensile strength of a bolt may occur if 
the bolt is torqued to failure at low temperatures. 
2.4.15 IIRESTRAINT CHARACTERISTICS OF FLEXIBLE RIVETED AND BOLTED 
BEAM-TO-COLUMN CONNECT 10NS II 
INTRODUCTION 
by C. W. Lewitt, E. Chesson, Jr., and W. H. Munse, 
University of Illinois Engineering Experiment Station 
Bulletin No. 500, January 1969. 
Riveted and bolted structural steel connections which join beams 
to columns or girders have generally been divided into three broad 
groupings; flexible, semi-rigid, and rigid, depending upon the degree 
of rotation restraint that they provide. Hechtman and Johnston have des-
cribed these groups as follows:(21) 
1. Flexible Connections are those which are capable of carrying 
the end shear, but which allow relatively free rotation 
between the end of the beam and the column. A flexible 
connection approaches the common assumption of pin end 
supports, in which case the beams are designed for full 
simple beam moment. This has been the general practice 
in the case of standard riveted bui lding connections. 
2. Semi-Rigid Connections are intermediate between rigid and 
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flexible connections and transmit appreciable bending mo-
ment, with some rotation between the end of the beam and 
the column. Many connections ass med as "flexible" are 
inherently "semi-rigid", thereby developing end moments 
which have not been considered in the design. 
3. Rigid Connections are those in which the relative rotation 
between the end of the beam and the column is reduced to 
a minimum by the use of stiff connections, as in the case 
of continuous frames where full continuity is assumed in 
the analysis. 
In practice, however, it has been simpler and more convenient 
to divide the connections into two groupings, completely felxible or 
completely rigid, and to ignore the condition which is actually more 
prevalent -- partially fixed. 
Structures designed in accordance with the simpl ifying assump-
tion that connections are either unable to resist moment or else are able 
to develop the full fixed end moment of a beam have performed successfully; 
as a result, designers have developed considerable confidence in this 
procedure. Unfortunately, the simp1 ifications that are so desirable from 
the viewpoint of a designer stand in the way of a true appreciation of 
the actual behavior of structural connections. 
The behavior of riveted beam-to-column connections has been the 
subject of considerable research and speculation for a number of years. 
Experimental investigations have provided data concerning the moment-
rotation characteristics of selected connections but there have been 
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insufficient tests to provide an indication of the behavior of the many 
combinations of connections that are possible. Unfortunately, the com-
plex behavior of riveted beam-to-column connections has made it diffi-
cult to develop analytical methods to predict thei r response to moment. 
The failure-free performance of a structural element does not 
in itself indicate good design; good design also impl ies efficient and 
economical uti 1 ization of material. A further requi rement for good 
design is that the structural components be able to support overloads 
up to but not exceeding those provided by the factor-of-safety. To 
accompl ish this additional requirement, the performance of members must 
be understood and design specifications must reflect actual behavior. 
In the late 1940·s, interest developed in the possibi lity of 
using the ASTM A325 high-strength bolt as a structural fastener. By the 
early 1950·s, the high-strength bolt (properly tightened) had been ac-
cepted as a proven substitute for rivets. Whether the new high-strength 
bolt would behave similarly to the fami 1 iar rivet in beam-to-column 
structural connections remained to be investigated. 
In the mid-1950·s, a test program at the University of /11 inois 
was authorized to evaluate the effect of substituting high-strength bolts 
for fivets in beam-to-column connections. The specimens selected for 
this study were similar to the members used by Hechtman and Johnston in 
. (21) 
a test program of riveted connections. 
To increase the usefulness of the /1 linois research beyond a 
comparison of riveted and bolted joints, the study was broadened to 
include an investigation of the possibi 1 ity of predicting analytical ly 
the behavior of flexible beam-to-column connections. Most of the specimens 
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in the experimental program at III inois were of the type commonly des-
cribed as flexible. 
OBJECT AND SCOPE OF INVESTIGATION 
The flexible connection was formerly designated by the American 
Institute of Steel Construction(4) as a "standard beam connection"; 
however, the sixth edition of the manual designates this type of connec-
tion as a "framed beam connection". The connections discussed are of the 
riveted and/or bolted type now known as "framed beam connections" and 
"heavy framed beam connections" having angles less than 1/2 in. thick. 
Although the framed connections fall in the category of 
"flexible", tests have shown them to be capable of resisting some moment. 
Eonsideration of these beam end moments will reduce the computed value 
of the maximum positive beam bending moment caused by gravity loads and 
wi 11 make it possible for the designer to uti lize a lighter beam. How-
ever, before concluding that consideration of end moment will prove econom-
ical, the increased design time required to include end moment calcula-
tions must be evaluated. 
The end moment that a particular pai r of connection angles wi 1 1 
develop depends upon: 
1. The depth and length of the beam with which the angles are 
comb i ned, 
2. The gage or gages of the connection angles, 
3. The type and size of fasteners, 
4. Whether the connection is to a column flange, a column 
web, or a girder web, 
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5. The angle thickness, and 
6. The physical properties of the angle material. 
Therefore, before the end moment of flexible connections can be uti 1 ized, 
a designer must have data that makes possible the rapid determination of 
end moments for all possible combinations of the variables just 1 isted. 
The moment-rotation behavior of a few full size flexible-
type connections is available from the tests of other investigators. 
Because of the many variables, however, it is not practical to require 
data from tests of full size specimens to provide the necessary design 
information. Therefore, a method of analysis capable of predicting the 
end restraint of a connection is required before the end moment capacity 
of flexible connections can be used in the beam design. The develop-
ment of such a method of analysis was one of the principal objectives 
of this study. An additional aim of this research was a better and 
more complete appreciation of flexible connection behavior. 
The information produced by this study will make possible in-
creased use of the provision in the AISC Specifications(4) which states: 
Type 3 (semi-rigid) construction wi 11 be permitted only 
upon evidence that the connections to be used are capable 
of furnishing, as a minimum, a predictable proportion of 
full end restraint. The proportioning of main members 
joined by such connections shall be predicted upon no 
greater degree of end restraint than this minimum. 
If Ilflexible"-type connections are found to have sufficient end restraint 
to warrant use of end moment in design, this type of connection should 
then be considered to be of the Iisemi-rigidil type. However, the connec-
tions studied will be referred to as flexible, in spite of the moment 
resistance they possess, in order to distinguish them from the top and 
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and bottom angle-to-beam flange connections generally considered to be 
semi-rigid. 
In order to keep the present study within reasonable limits, 
the scope has been restricted to connections with three to ten rows of 
fasteners in a vertical line, angles 5/16 in., 3/8 in., and 7/16 in. in 
thickness, and mi ld steel angle material. 
CONCLUSIONS 
1. For connection angle thicknesses of 5/16 to 7/16 in., the 
moment-rotation characteristics of flexible-type connec-
tions can be predicted with sufficient accuracy to uti 1-
ize their restraint in design. 
2. The additional design time required to take the end restraint 
of flexible connections into consideration, with the aid of 
prepared charts, will be slight and result in beam weight 
savings of approximately 10 percent, depending on loading 
conditions and framing. 
3. The predicted connection behavior can be utilized to pro-
vide stiffness factors required in methods of analysis of 
frames with semi-rigid connections. 
2.5 PROJECT 8 - FATIGUE TESTS ON CUMULATIVE DAMAGE IN STRUCTURAL JOINTS 
In this age of fast-moving vehicles and high-speed machinery, 
engineers are often confronted with problems which were not important a 
number of years ago. Not only must present-day structural elements often 
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sustain higher stresses than formerly, but in many cases they must also 
sustain a larger number of repetitions of these stresses. Of the many 
problems in our modern technology few are as perplexing as those of 
guarding against fai lures of metal by fatigue. 
Fatigue fai lures are difficult to anticipate because so little 
is known about the basic nature of fatigue. There are questions as to 
how the cracks originate and how fast they are likely to grow under re-
peated loadings, when does fatigue damage begin and how does it accumu-
late? Qual itatively, it is known that points of high stress concentra-
tion are danger points for fatigue failures. Therefore, actual tests must 
be conducted on specific parts, which are loaded precisely as they are 
in service and under simi lar environmental conditions, before a reasonably 
accurate estimate of the fatigue life can be ascertained. 
Since the formation of a fatigue crack is a very localized 
phenomenon, its place and time of inception depend not only on the geo-
metry and general stress condition in the part, but also on the textural 
stresses in the metal at critically stressed regions. The size, shape, 
and orientation of the individual grains as wel 1 as their crystalline 
structure and boundaries all influence the formation and growth of the 
crack from a microscopic or submicroscopic point of weakness until it 
can be seen with the naked eye. Any influence that affects the mechan-
ical behavior of the metal can certainly be expected to have some effect 
on its fatigue properties. However, attempts to predict the fatigue 
life of a metal from a knowledge of its various measurable properties 
have not met with complete success for even the simplest type of specimen 
and a constant stress cycle. 
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Furthermore, the applicabi 1 ity of laboratory fatigue tests of 
structural joints to actual structures has long been questioned by the 
research engineer as well as the field engineer, because the studies in 
the laboratory are generally made under conditions in which the maximum 
and minimum stresses remain constant during an entire test. In actual 
structures, however, the stress cycles are seldom of constant magnitude 
and may vary from cycle to cycle in a random manner. Thus, constant 
cycle laboratory fatigue tests provide only relative data on the fati-
gue 1 ives of service structures or their components. Cumulative damage 
studies are necessary to better understand the behavior of structures 
under service conditions. 
2.5.1 "CUMULATIVE DAMAGE IN STRUCTURAL JOINTS" 
I NTRODUCT ION 
by W. H. Munse, J. R. Fuller, and K. S. Petersen, AREA Bulletin 
544, June-July 1958. 
Studies were started more than 20 years ago to try to corre-
late the fatigue 1 ives of standard-type spec'imens which have been sub-
jected to mixed cycles of stress with conventional S-N relationship for 
the same type of specimen. Most of this research has been done on round 
pol ished specimens stressed in reversed bending; however, some tests have 
been made using direct axial loads. 
Much of the fatigue damage work reported in the literature is 
not directly appl icable to design problems, but has aided greatly in pro-
viding a better understanding of fatigue damage from a phenomenological 
viewpoint. However, Palmgren(31) is reported to have suggested a method 
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for analyzing data for fatigue tests at several stress levels. The 
method was then considered by Miner(32) and others for design purposes. 
OBJECT AND SCOPE OF INVESTIGATION 
The objectives of the research program were: 
1. To complete the design and construction of a 50,000 lb 
variable-cycle fatigue machine and programming apparatus 
to test structural joint specimens. 
2. To review past investigations in cumulative fatigue damage 
and to relate the findings with the present study. 
3. To determine the fatigue 1 ines of double-strap butt joint 
specimens and plain plate specimens when tested in pulsa-
ting tension under a loading pattern which approximates the 
statistical distribution of service loads on present-day 
medium-span, main-line rai lway bridges. 
The maximum cyclic stresses were varied as a sine wave from 
some major maximum stress value to a minor maximum stress one-half as 
great. I t is bel ieved that this pattern approximates reasonably well 
the frequency distribution data obtained in the field. Under this sine 
wave type of pattern, part of the stress cycles wi 11 be below the fati-
gue limit. 
CONCLUSIONS 
The results of this study of the data of previous fatigue 
damage investigations and of the present variable-cycle tests indicate 
that it is possible to estimate, with reasonable accuracy, the fatigue 
lives of structural joints subjected to variable-cycle patterns of 
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load i ng. In order to estimate the variable-cycle fatigue life of a 
joint by the method outlined herein it is necessary ,to know the basic 
constant-cycle S-N relationship and the pattern of maximum cyclic stress 
variation. 
The range of stresses in the variable-cycle load pattern es-
tablishes an interval of cycles to fai lure on the constant-cycle S-N 
diagram. The number of cycles to fai lure falls within this interval and 
is establ ished by the use of a distribution coefficient which accounts 
for the distribution of stresses within the load pattern. 
If it is assumed that the fatigue 1 ives of actual structural 
joints, which are subjected to more or less random variations of stresses, 
can be approximated by the repeated application of patterns of loading, 
wherein the cycl ic stresses occur with the same frequency as the service 
stresses, then it may be possible to apply this method of fatigue 1 ife 
analysis to actual structures. 
Because of the small number of tests conducted for this study, 
it is not possible, at the present time, to make an accurate evaluation 
of the proposed method for estimating the variable-cycle fatigue lives 
of structural joints. However, the test results indicate the existence 
of a relatively good laboratory correlation between the predicted fati-
gue 1 ives and those obtained by tests. 
Another manner of interpreting the data of this variable-cycle 
'study would be the use of an equivalent fatigue strength -- the constant-
cycle fatigue stress which provides the same fatigue life as the variable-
cycle loading. The theory provides for the test loading, a fatigue life 
at a given major maximum stress (sine wave pattern and minimum stress of 
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1,000 ps i) which is equal to the fatigue life for an equivalent constant-
cycle stress approximately 2,000 psi below the major maximum stress. On 
the basi s of Miner1s theory, the equivalent constant-cycle stress would 
be approximately 4,000 to 5,000 psi below the major maximum stress. Thus, 
the vari ation in maximum cyclic stress obtained in rai lway bridges may 
be expected to provide a marked increase in life; an increase in 1 ife 
possibly equivalent to a decrease of approximately 2,000-3,000 psi in 
the maximum stress in constant-cycle loading. 
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3. APPLICATION OF RESEARCH RESULTS 
The results of the research on riveted and bolted joints have 
been used very widely and in many different ways; in design specifica-
tions, in materials specifications, in design offices, in the develop-
ment of design aids, in engineering textbooks, etc. It would be diffi-
cult to discuss all of these applications in detai 1; however, some of 
the principal appl ications to design and materials specifications wi 11 
be illustrated or briefly noted. The original references should be 
examined for a more complete indication of these research benefits and 
appl ications. 
3.1 PROJECT 1 - THE EFFECT OF BEARING PRESSURE 
A. Static Tests (Tests of flat plate double-strap butt type joints) 
1. Test results justified an increase in allowable bearing 
pressure. A stress equal to 2.25 times the allowable 
tensile stress was recommended. This has resulted in 
appropriate changes in the AASHO, AREA, and AISC Speci-
fications and a corresponding savings in the material 
required for the structures. 
2. Data demonstrated that there was no reason to use dif-
ferent values of allowable bearing pressure in single 
and double shear. As a result, the distinction between 
these two conditions was eliminated in the specifica-
tions and again resulted in a savings in materials. 
3. When high values of bearing pressure are needed in con-
nections, the transverse spacing of fasteners must be 
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limited in order to achieve the expected efficiency in 
the connections. 
B. Fatigue Tests (Tests of flat plate double-strap butt type joints) 
1. The test results provided design relationships for 
riveted connections subjected to various repeated load 
stress cycles. These suggested design relationships 
have been introduced into the various design specifi-
cations noted above. 
2. The data demonstrate that an increase in the clamping 
force in the rivets of a connection resulting in an 
increase in its fatigue resistance. This shows the 
importance of good fabrication with right rivets. 
3. Excessive bearing pressures, greater than that recom-
mended as a maximum on the basis of the static tests, 
are found to produce a decrease in fatigue resistance. 
3.2 PROJECT 2 - RIVET PATTERN 
A. Static Tests of Flat Plate Joints 
1. The test efficiencies generally ranged from 75 percent 
to 85 percent; the maximum was on the order of 87 percent. 
Based on these data some specifications have established 
a maximum efficiency of 85 percent regardless of the 
computed efficiency. 
2. The fol lowing are observations that wi 11 assist designers 
in obtaining a maximum efficiency from their designs: 
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There is no assurance that increasing the trans-
verse distance between fasteners to more than 
4 1/2 in. will increase the efficiency of a 
joint. 
The clamping force in the fasteners has little 
effect on the efficiency or ultimate strength 
of a joint. Punched holes provide a lower ef-
ficiency than do dri lled holes. 
B. Static Tests of Truss-Type Connections 
1. An upper limit on efficiency should be used for truss-
type connections, just as for flat plate joints. The 
85 percent limit noted above serves this purpose. 
2. Shear lag should be taken into account in design (the 
eccentricity of loading as well as the length of the 
connection should be considered). 
3. For maximum effectiveness, the rivets in truss-type 
connections should be distributed in a manner similar 
to that in which the area of the connected parts is 
distributed. 
4. The lacing bars of laced members produce a secondary 
heading in such members and thus will affect their 
behavior. 
3.3 PROJECT 3 - RIVETS SUBJECTED TO COMBINED TENSION AND SHEAR 
A. Tests of Rivets 
1. Ultimate strengths, for loadings ranging from tension to 
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shear, can be expressed in the form of an elliptical 
interaction curve. The principal specifications now 
provide for such loadings -- previously no interaction 
relations were provided. 
2. The effects of many fabrication and driving factors have 
been evaluated and their importance shown. These ob-
servations wi 11 serve as guides for designers and fabri-
cators. 
The clamping force in properly driven rivets is 
near the yield strength of the material. 
Increased soaking times and increased grips were 
found to reduce the ultimate strength. 
Furnace temperatures ranging from 1800° to 1950°F, 
the method of rivet manufacture, the rivet dia-
meter, and the method of driving had 1 ittle effect 
on the strength of the rivets. 
3.4 PROJECT 4 - HIGH-STRENGTH BOLTS 
The fo1 lowing results have been widely used in the development 
of the various design specifications for high-strength bolting and for 
the material specifications for high-strength bolts. In fact, the re-
search has been an essential part of the development of both types of 
specifications. 
1. Flat plate joints - static loading. 
a. The load-slip (frictional characteristics are markedly 
affected by the clamping force in the bolts. The 
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greater the clamping force, the greater the fric-
tional res i stance. 
b. A sl ip coefficient of 0.30 to 0.35 was generally 
obtained for joints with dry mi 1 l-scale surfaces. 
c. The bolt tension is found to have 1 ittle effect on 
the ultimate strength of bolted butt-type joints. 
d. The high-strength bolt provides the cheapest replace-
ment for defective rivets. It was this observation 
that resulted in widespread railroad acceptance of 
the high-strength bolt. Also, the first specifica-
tions, as a result, were developed on the basis of 
a direct substitution of a bolt for a rivet. 
e. For balanced design (tension and shear) higher al-
lowable shear stresses are possible. This is one of 
the factors that resulted in the "bearing type" con-
nection. 
f. With the increased shear strength of the high-
strength bolts increased end distances are required 
also. Current specifications show these modifications. 
g. As in the test of truss-type connections, the webs of 
I-sections with bolted connections were less efficient 
than the balance of the section. 
2. Flat plate joints - fatigue loading 
a. To date, no fatigue failures have been obtained in 
the bolts (nominal shear loading) of joints for which 
the bolts have been properly instal led. 
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b. The greatest fatigue resistance has been obtained 
from joints having bolts with the highest clamping 
fo rce. 
c. Bolted connecti0ns have been superior to riveted 
connections under repeated loadings. Their fatigue 
resistance has been as much as 25 percent greater 
than that of similar riveted joints. 
d. When the bolts in a joint are properly installed, 
the washers had 1 ittle effect on the behavior of 
the joints (A325 bolts). 
e. The fatigue strength of bolted joints increase with 
an increase in the strength of the plates. 
f. Oversize holes can be tolerated to some extent. If 
too large, however, an excessive loss in clamping 
and reduction :n fatigue resistance will result. 
g. During the repeated loadings, a small loss in clamping 
force occurs. This takes place in the first few 
cycles of loading. 
h. Under reversals of loading the specifications appear 
to be overly conservative. 
3. Tee-connections-bolts in tension 
a. Bolted tee-joints are stronger than riveted tee-joints 
that are designed for failure in the fasteners. 
b. The thickness of the flanges affect the efficiency of 
the bolts. Thick flanges reduce the effect of prying 
action. 
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c. The prestress in the fasteners has 1 ittle effect on 
their ultimate strength. 
d. The fasteners in joints with two 1 ines of fasteners 
on either side of the web are less efficient than 
when only one 1 ine of fasteners is used. (The outer 
row is inefficient). 
e. Under repeated loadings, the best behavior is ob-
tained from bolts with the highest initial clamping 
fo rce. 
4. Beam-to-Column Connections 
a. Standard "flexible ll beam-to-column connections pro-
vide end restraint. An end fixity of approximately 
10 percent is obtained for the connection of an 
1 8\~F50 beam. 
b. The moment-rotation characteristics are simi lar for 
riveted and bolted connections, and can now be pre-
dicted. 
c. The rotation results primari ly from the deformation 
of connection angles. 
d. Fai lure of the connections was by tearing of the 
angles and due primarily to the moments. 
5. High-strength bolts 
a. The torqued-tensi le strength is about 85 percent of 
the direct tensile strength of a bolt. 
b. Reducing the number of threads in the grip (less than 
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six) increases the strength of a bo 1 t but reduces 
the number of turns of the nut to fai lure (less 
ductility). 
c. The bolt load obtained at J/2-turn and the nut 
stripping strength are both increased with an in-
crease in nut and/or bolt hardness. 
d. The stripping strength under torque is about 75 per-
cent of that obtained in a tensile test on a mandrel. 
e. The shear strength of a bolt through the threads is 
about 80 percent as great as the shear strength 
through the shank. 
f. Tests under combined shear and tension have provided 
design relationships for both A325 and A490 high-
strength bo 1 ts. 
g. A relaxation of about 5 percent was observed in the 
clamping force of a series of bolts over 90 days. 
Most of this loss occurred during the first few hours. 
h. The A490 bolts require more turns than A325 bolts to 
achieve the proof load. 
i. It is des i rable to use washers wi th A490 bo1 ts be-
cause of the increase in clamping force, particularly 
with the lower strength steels. 
j. Care must be used in applying bolt data obtained with 
the hydrau1 ic cal ibrators. These calibrators give 
different rotation characteristics for the bolts than 
do the solid steel plates of joints. 
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6. B ridge Tes ts 
a. In the field observations of a railway bridge under 
service loads, it was observed that: 
Little or no joint movement occurred during 
a three year period of service. 
No loss occurred in the camber. 
No sl ip was observed in the joints under 
service loads. 
3.5 PROJECT 8 - CUMULATIVE DAMAGE IN JOINTS 
1. Variable loadings that simulate railroad loadings provide 
increased 1 ives in the joints. 
2. The increase in life observed was comparable to that 
which would be expected from a 2 or 3 ksi reduction in 
stress range. 
3.6 PROJECT 6 - SUGGESTIONS FOR FUTURE RESEARCH 
It is evident from the above discussion that many changes in 
design and design specifications have resulted from the research of this 
program; the riveted and bolted structures designed on the basis of the 
research findings should be safer and provide for more efficient and ef-
fective use of the materials. However, even though many questions have 
been answered and many major advances made as a result of this research, 
further studies in several important areas are necessary to improve 
further the design specifications and to provide for more realistic 
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design. The following is a brief 1 isting of several of the more impor-
tant of the problems: 
l. The fatigue research on high-strength bolted connections 
has been almost entirely on flat-plate type connections. 
A few exploratory tests have shovm that the behavior of 
bolted double-plane truss-type connections may be inferior 
to that of the flat-plate connections. As a result, it 
is essential that information be obtained soon concerning 
the fatigue resistance of connections for structural shapes. 
2. A second factor in need of further study is the surface 
condition of the material in bolted structural connections. 
The initial fatigue studies of bolted connections were al 1 
conducted on members with plain dry mil l-scale faying on 
contact surfaces. With the current widespread use of 
weathering steels having sand-blasted surfaces, evaluations 
should be made of the effect of this surface treatment. 
Furthermore, the recent increase in use of corrosion resis-
tant coatings on bridges and bridge members requires more 
complete evaluations of the effect of these coatings on 
the behavior of the connections. 
3. Possibly of greatest importance is the need for further 
research on the behavior of members and connections under 
variable or random loadings. The Project 8 study provided 
a preliminary indication of the effect of one typical 
variable rail road loading on a small bolted connection. 
1 15 
However, as vehicles are increased in size and capacity, 
and the volume of traffic is increased, the efficient 
design of structures to carry these loads is going to 
require improved techniques of analysis based on exten-
sive laboratory studies and analyses that can be related 
to the load data now being obtained on highway structures. 
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